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Preface 
 
The following work is composed of a mixture of work that is not intended for 
publication, work that has been published, and works that are planned for publication.  
Sections 4.2-4.7 and all of Chapter 5 come from a published collaboration with the thesis 
advisor Dr. Paul G. Sanders.[1]  The current author conducted all experiments analyzed all 
data and wrote the main body of that work.  The thesis advisor provided general input 
throughout the work.  Chapter 6 is a reproduction of an article to be submitted to the 
journal Thermomechanica Acta.  This work was also a collaboration between the thesis 
advisor and the current author.  The current author conducted all experiments, analyzed 
all data, performed all model fits and wrote a majority of the work to be submitted.  The 
thesis advisor provided general input on content throughout the work.  Some 
modifications have been made to the content either published or to be published.  These 
modifications were minor and included referencing preceding data from non-publication 
material in order to more completely link together the current work.  Chapter 7 is based 
on a work to be submitted to the journal Metallurgical and Materials Transactions A.  The 
current author conducted all theoretical calculations and wrote a majority of the work to 
be submitted.  The thesis advisor provided general input on content throughout the work.  
Some modifications have been made to the content either published or to be published.  
These modifications were minor and included referencing preceding data from non-
publication material in order to more completely link together the current work.  Each 
chapter that included previously published data or data planned to be published contains a 
footnote with the included work and sections in which published data is utilized. 
 
6 
 
Abstract 
Gasarite structures are a unique type of metallic foam containing tubular pores.  The 
original methods for their production limited them to laboratory study despite appealing 
foam properties.  Thermal decomposition processing of gasarites holds the potential to 
increase the application of gasarite foams in engineering design by removing several 
barriers to their industrial scale production.  The following study characterized thermal 
decomposition gasarite processing both experimentally and theoretically.  It was found 
that significant variation was inherent to this process therefore several modifications were 
necessary to produce gasarites using this method.  Conventional means to increase 
porosity and enhance pore morphology were studied. Pore morphology was determined 
to be more easily replicated if pores were stabilized by alumina additions and powders 
were dispersed evenly.  In order to better characterize processing, high temperature and 
high ramp rate thermal decomposition data were gathered.  It was found that the high 
ramp rate thermal decomposition behavior of several hydrides was more rapid than 
hydride kinetics at low ramp rates.  This data was then used to estimate the contribution 
of several pore formation mechanisms to the development of pore structure.  It was found 
that gas-metal eutectic growth can only be a viable pore formation mode if non-
equilibrium conditions persist.  Bubble capture cannot be a dominant pore growth mode 
due to high bubble terminal velocities.  Direct gas evolution appears to be the most likely 
pore formation mode due to high gas evolution rate from the decomposing particulate and 
microstructural pore growth trends.  The overall process was evaluated for its economic 
viability.  It was found that thermal decomposition has potential for industrialization, but 
further refinements are necessary in order for the process to be viable. 
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1.0 Background and Research Goals 
1.1 Introduction 
Interest in metallic foams as engineering materials has grown significantly during 
the period from the 1950’s to the present.  These materials are of interest due to the 
myriad of material properties that they exhibit such as high strength to weight ratio and 
energy absorption.[2-9]  Foams may also be used in functional applications such as 
biomedical implants.[10-12]  There are a number of metal foam processing routes available, 
capable of producing foams with different ranges of porosity and pore size in different 
materials systems. [13-14]  Depending on the process chosen, design engineers may either 
make use of very expensive foams with low pore morphology variation or foams that 
have low cost and high variance in pore morphology.  Variability in pore structure 
translates to variation in material properties and has caused reluctance on the part of 
design engineers to integrate foamed materials into different applications.  Given this 
issue, there is an obvious goal to pursue: material cost reduction coupled with enhanced 
process control.  This goal has been pursued by many researchers and industrial engineers 
over the past decade with many improvements and new technologies being developed.[13, 
15-16] 
Studying foaming processes also offers the opportunity to conduct fundamental 
scientific research into the key concepts which govern them.  These concepts include 
fluid dynamics, solidification and high temperature colloidal interactions.[17-19]  The 
following set of studies examines such fundamental concepts in the framework of the 
thermal decomposition process for producing gasarite structures.  Gasarite structures are 
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a unique subclass of metal foams characterized by tube-like porosity.  The goal of this 
work is to better characterize the thermal decomposition processing of gasarite foams in 
order to determine whether or not this process is viable for foaming aluminum.  This goal 
was accomplished by conducting foaming experiments which determined effective pore 
morphology control modes, the nature of pore formation and growth, and the 
decomposition behavior of gas evolving compounds under foam processing conditions.  
Aluminum was chosen as the system of study due to its naturally high strength to weight 
ratio.  Aluminum is also readily foamed via thermal decomposition of common blowing 
agents such as titanium hydride (TiH2).[2, 20-21]   
The study begins with a brief review of foam processing techniques (Chapter 1) 
highlighting the unique properties of gasarite metal foams and the challenges in their 
production.  Following the short review, preliminary modeling (Chapter 2) and 
experimental investigations into thermal decomposition processing of gasarites (Chapter 
3-4) are presented.  This includes initial attempts to replicate results from literature, 
process modification trials, a study examining the influence of stabilizer particles on pore 
formation in gasarites and several variations of powder introduction techniques.  These 
sections will highlight the technical challenges in producing gasarites via thermal 
decomposition and the open questions that drove further research. 
Following the process development phase, a baseline process capability study 
which highlights active pore formation mechanisms (Chapter 5) was carried out utilizing 
different hydride gas source materials.  Based on the results of this study, it was 
necessary to better characterize the high temperature decomposition behavior of several 
metal hydrides of interest including titanium hydride (TiH2) and zirconium hydride 
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(ZrH2).  A thermogravimetric analysis technique was developed and used to more 
accurately simulate the thermal states that powders experience during foam processing 
(Chapter 6).  Using the results of all other studies a preliminary model for gasarite growth 
via thermal decomposition was proposed and predictions of this model were compared 
against experimental trends (Chapter 7).   Utilizing the information gathered from all 
trials, a feasibility study is presented for the production of gasarites via thermal 
decomposition (Chapter 8).  This chapter also summarizes the findings from the current 
study, includes suggestions for future work and additional open questions that have been 
revealed. 
1.2 Metallic Foam Processing 
Metallic foams may be produced using a number of techniques and have been 
utilized in a number of applications as shown in Table 1.1.  The bulk of initial research 
and development on metallic foams was conducted by private companies leading to many 
unique, proprietary processes.[2, 13-14]  A summary of the pore morphology control ranges 
of these techniques is provided in Figure 1.1.  Pore morphology refers to the combination 
of pore (cell) size, distribution, and shape within a foamed metal.  These factors along 
with overall porosity and characteristics of the base material define the foam properties.  
Porosity levels are typically presented either in volume fraction, volume percent, or by 
relative density which is defined as the density of the foam divided by that of the parent 
material.    
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Table 1.1: Manufacturers, processes and applications of metal foams created from 
various materials.[2, 13-14] 
Company Process Applications Materials Available 
Alantum 
Polymer 
Precursor(Powder 
Slurry Enclosed 
Treatment) 
Structural Fe, Ni 
Alusion(Cymat) Melt Gas Injection Structural/Aesthetic Al 
American 
Elements 
Chemical Vapor 
Deposition (CVD) General Supply Al 
Chand 
Eisenmann Solid State-Sintering 
Filtration, Media 
Retention, Flow 
Control 
Stainless 
Steel, Nickel 
Superalloy, 
Ni, Ti, Al, 
Cu 
Corex 
Honeycomb Machined/formed 
Structural, Various 
Industrial Sectors Al 
ERG(Duocell) Investment Casting Structural, Filtration Al, Cu, SiC 
Fraunhoffer 
IFAM 
Hydride 
Decomposition, 
Hollow Sphere 
Compaction 
Structural, General 
Research 
Al, Fe, 
Stainless 
Steel, etc 
Porvair Reticulated Sponge Precursor Filtration  
Cu, Ni, Ti, 
Fe, Pt, Ag 
Reade 
Advanced 
Materials 
Polymer Precursor, 
CVD, Sintered 
Precursor 
General Supply 
Al, C, Cu, 
Hf, Pb, Ni, 
Nb, Rh, Ta, 
Sn, W, Zr 
Shinko 
Wire(Alporas) 
Hydride 
Decomposition 
Structural, Filtration, 
Heat Exchanger Al 
 
As shown in Figure 1.1, there is a great deal of overlap between the control ranges 
of different techniques, but there are some pore morphology regimes only accessible by 
certain techniques (most notably the regions encompassed by the gas metal eutectic 
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technique and thermal decomposition techniques which can be used to produce gasarite 
structures).  Many foaming techniques were developed specifically for niche markets 
therefore it is feasible that these processes could also be adapted to encompass wider 
ranges of pore size and porosity. 
Generally, foam processing techniques can be subdivided into those that utilize 
precursor structures to form well controlled foam pores and those in which stochastic 
interactions result in more geometric variability.[19]  There is some debate as to whether 
porous metals formed using precursors may be truly defined as foams since they do not 
always entail the formation of a froth from the parent material.  For the current discussion 
this distinction is ignored in order to highlight issues of more practical significance when 
comparing precursor processes to stochastic processes.   
Precursor based foaming techniques include semi-solid thermal decomposition 
and hollow sphere compaction (Fraunhoffer).[22]  Additionally, polymer foam precursors 
may be used as targets for metal based chemical vapor deposition (CVD) forming porous 
metal structures.  Investment casting techniques have also been employed in the ERG 
Duocell process with wax patterns acting as highly replicable precursors.  Recently, 
syntactic foaming techniques have also been developed in which beds of hollow ceramic 
spheres are infiltrated with molten metal under pressure to create highly regular pore 
structures.[23]  The benefit of precursor techniques is that the pore structure variation is 
dependent on precursor processing.  Many methods used to produce precursors are well 
controlled and thus lend a similar degree of control to metal foams that are produced 
from them.  The primary drawback of these processes is they are usually more expensive 
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since they have a higher number of unit operations and higher overall material costs.[24] 
There are also processing limitations on precursor geometry making certain regimes of 
pore morphology unattainable.  In order to produce lower cost foam structures and 
different pore morphologies stochastic processes may be utilized.   
 
Figure 1.1: Pore morphology control ranges of common metal foam processes. Chart 
adapted from Ashby (2000)[2] to include more current pore morphology control data for 
gas metal eutectic process and thermal decomposition process. 
Stochastic metal foam processing techniques are typically carried out with the 
base material in the liquid state.  Examples of these processes include thermal 
decomposition (Shinko Wire-Alporas), melt gas injection (Alusion-Cymat) and gas metal 
eutectic processing.  Semi-solid stochastic foaming techniques have also been developed 
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by Fraunhoffer in which steel sandwich structures are compressed around a mixture of 
metal hydride and aluminum powder.  The major challenge in pore morphology control 
for stochastic techniques arises from the statistical processes that govern pore 
development.  Most liquid phase foaming processes entail the introduction of gas bubbles 
to liquid metal shortly before solidification.  Energetically, the pores formed by the gas 
bubbles are unstable leading to pore collapse and gas bubble coalescence.  As these 
processes occur, pore morphology can become inhomogeneous.   Stabilizing elements 
such as metal oxides (e.g. CaO, Al2O3) are often added to the liquid metal (typically 
aluminum) allowing solidification to occur before significant pore rupture and 
coalescence.  The exact mechanism of the stabilization effect is currently a topic of 
debate among researchers, however most agree it is related to the semi-wetting character 
(contact angles of 70-90°) of these oxides with liquid aluminum.[25-26]   
Additional critical factors that influence foam pore morphology are the initial 
bubble distribution and size of gas bubbles.  These two characteristics help determine the 
likelihood of coalescence as well as buoyancy driven bubble velocity which may cause 
gas to escape the system.  The number of gas bubbles that form the cells of metallic foam 
is often large and they may be deformed by even the slightest external force.  Large 
numbers combined with the sensitivity of gases to undetectable and uncontrollable forces 
leads to porous structure whose properties can only be defined by wide distributions.  
This is an undesirable quality and pore morphology control has been the primary topic of 
research over the past several decades.  Current research on this topic has focused on 
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foam stabilization and control of gas release into the liquid before solidification.[14, 17, 25, 
27-28]   
The thermal decomposition method of producing gasarite structures studied in the 
current work is a stochastic foaming technique and suffers from many of the same 
difficulties outlined above.  Due to its relative infancy compared to other foaming 
techniques, there was a lack of fundamental studies investigating the key factors which 
influence pore morphology.  It was found that many of methods employed to attain 
control over pore morphology in similar foaming processes had not been evaluated in 
thermal decomposition gasarite processing.  Several of these techniques were evaluated 
in the current study and the results are presented in Chapter 3. Before covering those 
studies it is first necessary to examine what defines a gasarite pore morphology and their 
means of production.  
1.3 Gasarite Processing 
Most foamed materials include pores with nearly spherical geometries.  A gasarite 
structure is a unique subclass of metal foam in which pores are tubular.  The original 
process to create these structures (gas-metal eutectic or GASAR process) was invented 
and extensively studied by V.I. Shapovalov from the late 1970’s until the present with 
two recent reviews published.[29-30]  This foaming process was discovered during studies 
of gas solubility in molten metal.  It was found that many gas-metal systems exhibit a 
feature similar to a liquid to solid phase eutectic point referred to as a gas-metal eutectic 
point.  Solidification of metals that exhibit this feature leads to a single phase liquid 
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turning into a gas and a solid.  If directional solidification techniques are employed, this 
leads to phase growth similar to a rod eutectic and tube shaped pores. 
The root of the term, GASAR, comes from a Russian acronym meaning gas 
reinforced or gas-containing.  An example of such a structure is included in Figure 1.2.  
Due to less stress intensification around tubular pores gasarites exhibit higher mechanical 
strength than foams of the same material and relative density when loaded along the axis 
of pore elongation.[30]  For example in steel gasarites, tensile strength is 300-1100 MPa 
(varied with relative density) which is 5-20 times greater than sintered steel foams of the 
same relative density range.[31]  This makes such structures appealing for light weight 
mechanical design.  Gasarites may also be used for heat exchangers or in biomedical 
implants in which deep pores allow for more cohesive implant integration.[10] 
 
Figure 1.2: Transverse (L) and longitudinal (R) sections of a copper gasarite produced 
using dissolved hydrogen gas. Gas pressure during solidification was 0.9 atm.
According to the process outlined by Shapovalov, there are two pressures used in 
gas-metal eutectic gasarite processing, a saturation pressure and a solidification 
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pressure.[29]  The saturation pressure is applied during melting of the metal alloy and the 
solidification pressure is applied during foam solidification.  Each type of processing 
pressure can be composed of soluble gas (typically hydrogen), or a mixture of soluble gas 
and inert gas (typically argon).  Solidification pressures may be varied broadly to modify 
pore morphology making Gasar processing very versatile.[30]    
Investigations into gasarite processing have focused on controlling porosity 
levels, foaming new materials, and pore morphology control.   Table 1.2 summarizes the 
base materials, soluble process gases, porosity levels and pores sizes reported by 
Shapovalov in recent reviews.[29]   It should be noted that most conventional foaming 
techniques mentioned in Section 1.2 are severely limited in their ability to create metal 
foam from a variety of materials.  Gas metal eutectic processing allows the formation of 
foams from many metals and some ceramics as long as the material has a significant 
decrease in gas solubility during solidification.  The limitation of porosity for different 
materials is directly related to this solubility drop between the liquid and solid state.  For 
example, under 1 atm of hydrogen copper rejects approximately five times more gas 
when it solidifies than aluminum.[32]   As a result, porosity levels for hydrogen formed 
aluminum gasarites are only 5-25% while those for copper may approach 70%. 
While general trends in porosity levels may be estimated from solubility data, 
solubility is not the sole factor that contributes to pore growth and formation.  Had 
solubility been the sole factor in the example above, significantly more porosity would 
have resulted for copper versus aluminum.  Another key factor that determines pore 
morphology and porosity levels is the solidification rate.  Pore growth in gasarite 
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structures is always aligned with the solidification.  If sluggish solidification occurs or if 
equiaxed solidification becomes dominant then pore morphology will be influenced 
leading to different structures.  In chill casting processes, the solidification rate is 
controlled by the conductivity of the base metal.  Slow or non-unidirectional 
solidification alters pore formation and pore morphology leading to several different 
morphologies apart from ordered tubular structures.  These pore morphologies include 
gas dendrites, ellipsoids and in some cases spheres.[29] 
When directional solidification occurs at different rates, the pore spacing and size 
will also be influenced.  The trend of this effect is as predicted by the Jackson and Hunt 
model for eutectic growth.  This well known eutectic growth model has been applied by 
researchers to gas-metal eutectic growth with some success.[33-34]  The basic prediction of 
this model is that pore spacing and size are inversely proportional to solidification rate, 
while overall porosity remains constant.  This is because kinetically, solidification rate 
limits the extent of lateral diffusion which governs the phase spacing and size.  The key 
difference between gas-metal eutectic growth and rod eutectic growth is that gases are 
highly buoyant in liquid metal and have a considerable volume change upon formation 
versus the solid.  These two factors need to be taken into account when using the Jackson 
and Hunt model to predict porosity levels, pore size, and spacing.  Buoyancy driven gas 
escape effect has not been taken into account in many Jackson/Hunt modeling efforts 
possibly explaining some degree of disagreement with experimental results. 
 
 
18 
 
Table 1.2: High pressure gasarite process control summary.[30] Pore size and control 
ranges are very large compared to other foaming processes.  Gasarite processing is 
uniquely able to produce foam from a number of material classes. 
Materials Processing Gases Porosity Range (%) 
Pore Size 
(μm) 
Pure Metals 
Al, Fe, Ni, Cu, Ti, Co, Mg 
Alloys 
 Cast Iron, Steel, Bronze, 
Ni-Superalloy 
Ceramics 
Al2O3,MgO, ZrO2 
H2, N2, O2 10-65 10-1000 
 
The primary drawback of Shapovalov’s gas metal eutectic technique is that it 
requires casting equipment capable of holding pressures ranging from vacuum to 50 
atm.[29]  Additionally, special safety protocols are needed to handle hydrogen, which for 
many metals is the most soluble gas.  Finally, the original processing methods were batch 
production techniques making it difficult to achieve industrial scale production.  These 
issues have been partially addressed by both Shapovalov and Nakajima through the 
invention of new production techniques including the thermal decomposition method.   
1.4 Thermal Decomposition Processing of Gasars 
Nakajima and his coworkers have examined both the original gasar method as 
well as alternative gasarite processing techniques in order to promote application of 
gasarite foams on an industrial scale.[20-21, 32, 35-44]  Due to their extensive experimental 
work, Nakajima’s group has renamed gasarites “lotus structured” metals after the lotus 
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root.  This term will not be used throughout this study to avoid confusion and retain 
consistency with the original literature. 
One original process developed by Nakajima is a continuous casting technique 
which is capable of producing copper gasarite structures up to 700 mm long.[38]  In 
addition to continuous casting, a zone refining method was developed capable of 
producing 300 mm long porous structures from various material systems.[32]  Additional 
techniques developed by Shapovalov include a plasma-printing technique in which 
additive manufacturing techniques utilize highly soluble gas-plasmas in order to construct 
porous structures a layer at a time.[29]  While these methods helped increased the limits of 
sample length and overall process efficiency they remained reliant on the application of 
hydrogen gas.   In order to reduce the amount of hydrogen gas utilized in processing, 
more direct methods of introducing gas to the molten metal were employed. 
Several investigations were carried out by Nakajima and others focusing on 
applying thermal decomposition foaming techniques to the production of gasarites. [20-21, 
39-40, 42, 44-45]  Thermal decomposition processing is an industrial foaming technique 
employed by Fraunhofer and Shinko Wire Co. and has been studied by others in the 
context of non-gasarite foams.[28, 46-47]  As shown below (Figure 1.3), thermal 
decomposition processing of gasarites involves pouring molten metal upon a compound 
which rests on top of a water cooled chill plate.  After the metal comes into contact with 
the compound, it is raised above its decomposition temperature and gas is liberated.  
Porosity is formed by interactions with the unidirectional solidification front.  Various 
compounds and base metals were demonstrated as suitable gasarite forming materials 
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including aluminum foamed with metal hydrides, moisture, and other compounds. A 
summary of the materials, pore morphology ranges and foaming agents is included in 
Table 1.3. 
 
Figure 1.3: Schematic of the thermal decomposition process showing the experimental 
configuration for creating gasarite structures.  The key difference between thermal 
decomposition and the original gasar process is the use of a mold packet instead of 
pressurized gas. 
Table 1.3: Materials and compounds used to form gasarite structures via thermal 
decomposition.[20-21, 39-40, 42, 44] 
Material Decomposition Compound(s) Maximum Porosity 
Inert Gas 
Pressure 
Aluminum H2O, Ca(OH)2,TiH2,NaHCO3,Mg(OH)2 
25% Vacuum 
Copper TiH2 60% 1 atm 
Magnesium MgH2 40% 1 atm 
Iron CrN2 30% 5 atm 
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Aluminum and its alloys are often chosen for metallic foam applications due to 
their naturally high strength to weight ratio and ease of foaming.[2]  Aluminum gasarite 
structures can be produced using the pressurized gas-metal eutectic method, but porosity 
values are typically low due to limited gas solubility in molten aluminum compared with 
other materials.[20]  Thermal decomposition foaming of aluminum gasarites has the 
potential to increase the usage of gasarite foams since it is unlikely to rely on the 
establishment of global equilibrium gas concentrations for pore formation.[39]  For these 
reasons aluminum has served as the primary system of study for all foamed samples in 
the current study. 
In foaming trials carried out by Nakajima’s group, external pressure was found to 
significantly influence the porosity produced in gasars formed via thermal decomposition 
in multiple materials systems.[45]  As predicted by the ideal gas law, the volume of the 
gaseous phase decreased with increasing inert gas pressure.  Increasing the amount of 
hydride, increased porosity until reaching a plateau level. The reasoning for this plateau 
behavior was assumed to be related to attainment of solubility limits within the molten 
metal.  This implied that pore formation is due to gas-metal eutectic growth, but no 
evidence was provided in support of this hypothesis aside from the plateau of porosity. 
Gasarites formed via thermal decomposition have only been studied to a limited 
extent for their mechanical properties as well as their functional properties.  No studies 
have been presented in which the mechanical properties of gasarites processed via 
pressurized gas and those processed by thermal decomposition have been compared. 
Copper gasarites formed by decomposition of TiH2 were utilized in high surface area heat 
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exchangers and exhibited four times greater performance than conventional heat sinks.[39]  
While the nature of processing is different, it should be expected that gasarite structures 
produced using thermal decomposition should exhibit identical properties of gasarites 
produced using high pressure techniques as long as the pore morphology is comparable.  
The current set of studies focuses entirely on characterizing key elements of the thermal 
decomposition process and making comparisons between the resulting pore morphologies 
and those found for foams using the pressurized gas process.  Mechanical and functional 
characterization of the foams produced in the current work is suggested as future work. 
1.5 Summary and Conclusions 
Many foaming techniques exist, each with their own advantages and 
disadvantages.  The primary advantage to the original gasar process was its ability to 
create a wide variety of uniquely structured metal foams.  The main disadvantage to the 
original gasar process was reliance on high pressure of hydrogen gas making it difficult 
to scale on an industrial level.  Several researchers including the original inventor are 
pursuing alternative gasarite production techniques in order to increase the usage of 
gasarites in engineering design.  The thermal decomposition method has only been 
studied on a proof of concept level more therefore more in depth investigations were 
necessary in order determine how pores form and how pore morphology may be 
controlled.  Before pursuing such investigations, it is necessary to develop a theoretical 
framework for use in explaining experimental results.  This framework has been 
developed below and will be used to link together experimental results. 
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2.0 Conceptual Model of Gasarite Development During Thermal 
Decomposition 
2.1 Model Construction and Gas Metal Eutectic Growth 
The following model is a hypothesized sequence of events that occurs during 
thermal decomposition framed within the fundamentals of fluid dynamics and 
solidification.  For the following model system, it is assumed that hydrogen is the sole 
gas released and the only interacting species considered are hydrogen gas, liquid 
aluminum, solid aluminum and gas source particles.  For simplicity it is also assumed that 
decomposing particles are stationary in the melt as they decompose. 
When metal is poured upon the powdered gas source, the powder will become 
dispersed due to turbulence.  In the absence of external mixing, the dispersion will be 
incomplete leading to a higher proportion of the hydride residing close to the chill plate.  
As the powder rapidly heats beyond its decomposition point, it will begin to evolve gas 
resulting in more turbulence and additional powder dispersion, making the system more 
uniform.  As the system becomes less turbulent, gas evolution will continue, leading to 
formation of gas bubbles around the dispersed particles.  As gas bubbles grow several 
moving interfaces will be formed around the particles: a gas-liquid interface, a gas-solid 
interface, and an interface between decomposed and pristine gas source (Figure 2.1).  It is 
assumed that the gas source decomposes via a shrinking core mechanism similar to many 
metal hydrides.[47]  Under these assumptions, the motion of each interface is governed by 
a combination of diffusion, gas source decomposition kinetics, and fluid dynamics.   
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 Figure 2.1: Schematic interface development during steady state decomposition of a gas 
source particle in a molten liquid.  This schematic assumes a shrinking core model for the 
gas source and allows buoyancy force to act on evolved gas. 
The concentration gradient driving diffusion through the liquid aluminum will 
initially be very high, causing a flux of gas into solution and away from the gas source.  If 
the rate of gas diffusion into the liquid exceeds the rate of gas evolution from the particle, 
the gas-liquid interface will draw closer to the decomposing particulate.  In the case 
where more gas is produced than can diffuse into the liquid, a gas bubble will grow.  If 
the saturation limit of the liquid surrounding bubble has been met, then the bubble will 
also grow.  This saturation limit (CH-local) may be defined with respect to the hydrogen 
partial pressure within the bubble, PH,  by Sieverts’ law (Equation 2.1).[48]   
H local H Al HC K P− −=   (2.1) 
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where KH-Al is the Sieverts’ coefficient for hydrogen in aluminum.   The hydrogen partial 
pressure within the bubble, PH, may be estimated by assuming bubble growth must 
overcome the hydrostatic head (PHead) and externally applied inert gas pressure (PExt).  
For the sake of the current discussion it is assumed that Laplace surface tension effects 
are not significant so capillary pressure is neglected.  Under these assumptions, PH is 
simply equivalent to the sum of head pressure and externally applied pressure (Equation 
2.2).  Hydrostatic head (PHead) varies with z, the distance of the particle from the chill 
plate, as shown in Equation 2.3.  Here ρf is the density of the liquid metal and g 
gravitational acceleration.  
H Head ExtP P P= +   (2.2) 
Head fP gzρ=  (2.3) 
The Sieverts’ constant for aluminum used for the current calculation is KH-Al = 0.275 
cm3/100g-atm0.5. [49]  The volumetric solubility included in Sieverts’ constant are reported 
at standard temperature and pressure, therefore the ideal gas law must be used to 
estimated the solubility at thermal decomposition processing conditions (Equation 2.4).     
1( )( )
298
m
H Operating H
Ext Head
T atmC C
K P P−
=
+   (2.4) 
If it is assumed that all dissolved gas comes out of solution during solidification, 
and does not escape to the atmosphere, porosity values may be estimated using Equation 
2.5. 
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 Here the solid metal density must be converted to agree with the concentration 
units (in this case 100g/cm3 so ρ f  = 2.7x10-2 100g/cm3).  Assuming that the entire liquid 
cast into the mold takes on the maximum calculated solubility at the base (7.1 cm3/100g) 
the largest amount of porosity that could be formed is 15%.  Preliminary data[20] for 
gasarites produced using thermal decomposition show that maximum porosity levels are 
25% for a sample weighing 100 g resulting in some discrepancy between the predictions 
above and experiments. 
Nakajima and Kim have asserted that all gasarite porosity formed via thermal 
decomposition of metal hydrides is due to a gas-metal eutectic reaction, but little basis for 
this assertion was given.[20, 45]  Since pore formation via gas metal eutectic reactions is 
strongly influenced by gas solubility, this mechanism is not likely the sole pore formation 
mode given the low estimated porosity levels calculated above relative to experiments.  
Based on these observations it is necessary to examine alternate pore formation and 
growth modes in order to determine all of the means by which pore morphology may be 
influenced in thermal decomposition processing of aluminum foams.  The most likely 
pore growth modes include bubble capture and direct gas evolution. 
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2.2 Bubble Capture Pore Formation and Growth 
The bubble capture pore formation and growth mode entails the encapsulation of 
bubbles by the advancing solidification front over time.  This pore formation mode is 
likely only if the solidification front moves quickly enough to compete with bubble 
motion.  Several simple relations may be used in order to estimate whether this condition 
may occur.  Assuming the construction in Figure 2.1, the interface between a gas bubble 
and the liquid aluminum will be deformed easily since gases are highly compressible.  
Buoyancy forces will have the tendency to elongate the gas-liquid interface anti-parallel 
to the gravitational vector.  If bubble volumes grow either by heating or introduction of 
more gas, buoyancy forces will increase according to Equation 2.6:  
𝐹𝐵 = 𝑉𝑏𝑔𝜌𝑓 (2.6) 
where Vb is the bubble volume, g is gravitational acceleration, and ρf  is the density of the 
liquid aluminum (2300 kg/m3).  If buoyancy force exceeds the forces acting to prevent 
bubble motion (inertial forces, drag forces etc) the bubble will detach and begin to move 
upward through the open liquid.  This process will repeat several times releasing many 
bubbles until the gas source can no longer produce bubbles of the needed detachment 
volume or the solidification front overtakes and seals the particle.  The terminal velocity 
of the released bubbles may be estimated by Stokes’ Law for spherical volumes moving 
through a fluid (Equation 2.7). 
𝑣𝑡 = 29 �𝜌𝑔−𝜌𝑓�𝜇 𝑔𝑟2 (2.7) 
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Here ρg is the gas density, μ is the dynamic viscosity and r is the radius of the gas bubble 
assuming a spherical geometry.  This equation may be simplified by assuming the density 
of the gas is much less than the density of the liquid metal resulting in Equation 2.8.  The 
negative sign indicates bubble motion opposite the direction of the gravitational vector.   
𝑣𝑡 = −29 𝜌𝑓𝜇 𝑔𝑟2 (2.8) 
The ideal gas law (Equation 2.9) may be used to estimate the bubble volume if the 
temperature profile, T(t), number of moles of gas released through decomposition as a 
function of temperature n[T(t)], and pressure P are known. Taking the derivative of 
volume with respect to time gives a general expression (Equation 2.10) for the volumetric 
expansion rate of gas bubbles forming in the thermal decomposition foaming process. 
𝑉𝑏(𝑡) = 𝑛[𝑇(𝑡)]𝑅𝑇(𝑡)𝑃  (2.9) 
𝛿𝑉𝑏
𝛿𝑡
= 𝑅
𝜌𝑓𝑔𝑧+𝑃𝑒𝑥𝑡
𝛿
𝛿𝑡
[𝑛[𝑇(𝑡)]𝑇(𝑡)] (2.10) 
T(t) may be estimated either by solidification modeling or via thermocouple data 
from experiments.  The number of moles of gas evolved, n[T(t)], may be estimated by the 
decomposition kinetics of the gas source while integrating the thermal profile T(t) into 
the governing equations.  It is assumed that the internal bubble pressure, P, is the same as 
above (Equation 2.2).  Equation 2.10 may be used to estimate variation of buoyancy 
forces acting on bubbles as they grow from decomposing particulate.  At a given volume, 
the buoyancy force will cause the gas bubble to detach.  After the bubble is detached 
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from the decomposing hydride, its radius may be used to estimate its terminal velocity 
using Equation 2.8 and gauge whether or not the solidification front will have an 
opportunity to interact with it in order to form porosity. 
While gas evolution from the gas source occurs, solidification will begin at the 
interface between the molten metal and chill plate. Ansys Fluent’s heat transfer finite 
difference algorithm was used to estimate the solidification velocity profile that a copper 
chill imparts to a cylindrical (25.4mm ϕ x 127mm tall) pure aluminum sample.  The 
model assumed three dimensional Fourier heat transfer via conduction, neglecting any 
thermal losses due to radiation or convection.  This model also assumes perfect interfacial 
heat transfer which is likely not the case in this process due to varying dispersions of 
titanium hydride and other particulate near the chill plate. Some disagreement between 
the results presented and actual experimental data is expected.   
Using Equations 2.3 and 2.8, theoretical terminal velocity profiles as a function of 
distance from the chill plate were calculated for bubbles rising in molten aluminum.  
These profiles were then compared to the profile modeled in Ansys Fluent (Figure 5).  In 
order to gauge buoyancy effects, two different initial bubble radii, ro, were used (5 μm 
and 50 μm).  The temperature was assumed to be constant at 933K (660°C), and the 
dynamic viscosity of molten aluminum was assumed to be 1.3 mPa s.[50] As is observed 
from these examples, bubble terminal velocities are quite high, even for very small gas 
bubbles with low buoyancy forces acting on them.  According to Kim,[20] the range of 
observed pore radii was 250-800 μm in gasarite foams produced using thermal 
decomposition of titanium hydride.  Bubbles of this size would move very fast unless 
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they are slowed considerably by forces not taken into consideration in the calculations 
above.  Such forces may include decreased buoyancy forces resulting from attraction of 
insoluble solid phases to bubble surfaces (via Gibbs-Marangoni effect).[27]  The 
hypothesis that bubbles must be slowed in order to increase porosity will be tested in 
Chapter 4 through studies on addition of stabilizer particles.  Based on the above 
calculations, bubble capture would only be likely in very small bubbles making it 
unlikely to produce significant porosity. 
 
Figure 2.2: Theoretical solidification velocity profile found using Ansys Fluent's finite 
difference heat transfer and solidification software compared to calculated velocities of 
bubbles rising through an open liquid at 660°C.  Only bubbles with very low radius are 
likely to be captured by the solidification front. 
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2.3 Direct Gas Expansion Pore Formation and Growth 
The final pore growth mode considered entails capture of gas source by the 
solidification front and pore growth via continued gas evolution.  This process is shown 
in Figure 2.1 and will be referred to as direct gas expansion.  Many gas sources used in 
foaming processes have decomposition temperatures well below the melting point of the 
foamed metal.  For example, TiH2 has a decomposition temperature of 450-460°C and 
the melting point of aluminum is 660°C.  This makes it possible for additional gas to 
evolve after the solidification front envelops the decomposing particulate.  If the internal 
pressure of the bubble exceeds the high temperature creep resistance of the newly formed 
solid or if the gas evolution rate from the hydride produces larger volumes of gas than 
can be accommodated by the solidification front, further pore growth is possible.  For gas 
evolving particulate entrapped by the advancing solidification front (Figure 2.3), as 
before, the internal pressure is assumed to be equivalent to that predicted by Equation 2.9 
(the sum of head and inert gas pressure).  As the gas source continues to decompose, the 
change of internal pressure at constant temperature may be estimated by rearranging the 
ideal gas law for pressure (Equation 2.11).   
Δ𝑃 = 𝛥𝑛(𝑇)𝑅𝑇
𝑉𝑏
 (2.11) 
 As stated earlier, if the internal pressure of the encapsulated volume exceeds the 
high temperature creep resistance of the solidified metal, deformation of the thin metal 
film at the pore tip is likely to occur.  Near the melting point, stresses as low as 1 atm can 
activate creep in aluminum alloys.[51]   If the pore has not been encapsulated the 
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volumetric increase due to gas evolution must simply remain above the change in pore 
volume due to formation of solid around the gas.   
 
Figure 2.3: Schematic of a gas source particulate entrapped by the solidification front.  
This schematic assumes an initial bubble radius, and that the gas source has not 
completely decomposed. 
For TiH2, the amount of gas trapped in a single 43 μm particle is approximately 
5x10-8 mol.  Assuming all gas is released; Equation 2.11 may be used to determine the 
pressure increase for pores of varying initial sizes (Figure 2.4).  This plot reveals that 
under thermal decomposition processing conditions, a single particle may increase the 
bubble pressure by up to 0.2 atm for small pores (0.5 mm).  In a real system there are 
hundreds to thousands of such particles that may become connected to the pore surface 
making it highly likely that creep will be activated causing the pore to grow. If the pore 
has not been encapsulated this large number of particles will ensure that continued 
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growth can occur as long as a majority of particles remain above their decomposition 
temperature. 
 
Figure 2.4: Pressure increase resulting from the gas release from a single 43 μm particle 
inside a pore of varying radius encapsulated by the solidification front in an aluminum 
gasarite at 933K (660°C).  Many particles are likely to be trapped on a single pore surface 
leading to high potential gas expansion after solidification. 
The resulting expansion of the pore wall into the open liquid may have several 
effects depending on the rate of expansion versus rate of solidification.  If the 
solidification rate is greater than the rate of pore expansion, the wall of the pore tip will 
grow thicker leading to higher pressures necessary for continued upward expansion.  Due 
to limited gas production and cooling of the particulate, this rate balance will eventually 
cause the pore to stop growing.  If the expansion rate is greater than the solidification 
rate, the tip of the pore may thin significantly leading to rupture.  This rupture may be 
accompanied by a sudden release of the entrapped gas and backfill the pore with liquid 
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metal.  This is one type of growth defect that may be apparent in foams that grow in this 
fashion.  Again a balance between solidification and pore expansion (driven by gas 
release from the particulate) is necessary for stable foam growth.  If pore expansion rate 
and solidification rate are equal to one another, it is possible that very long pores may be 
formed, consistent with what defines a gasarite. 
Due to the fact that all particulate will eventually become entrapped by the 
growing solidification front, it is expected that this pore formation mode will be more 
prevalent as opposed to bubble capture and may compete with gas-metal eutectic growth 
as a dominant pore formation mechanism.   In order to test this hypothesis samples must 
be examined for evidence of gas source entrapment on pore surfaces.  This is 
accomplished in Chapter 5.  In order to determine the rates of pore growth and potential 
magnitude of pore expansion due to this mechanism, more accurate estimates of high 
temperature decomposition kinetics are required.  High temperature kinetics of several 
types of hydride are investigated in Chapter 6 and used in the final theoretical treatment 
for pore formation and growth in Chapter 7.   
2.4 Summary and Conclusions 
During thermal decomposition processing three different pore formation 
mechanisms are possible.  Gas metal eutectic growth is driven by saturation of the liquid.  
Under vacuum or inert gas processing conditions, this mechanism will only result in 
significant porosity if global equilibrium conditions are not achieved.  Bubbles that have 
detached from the hydride may be captured and grow along with the solidification front if 
their velocities are not too high.  A gas source that is continuously evolving hydrogen 
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may also be captured by the advancing solidification front and expand pores if enough 
gas evolves.   Only gas metal eutectic growth has been considered as a pore formation 
mechanism by those who have researched thermal decomposition processing of gasarites.  
An open question that will be answered in subsequent chapters is whether or not bubble 
capture and direct gas evolution from the hydride results in significant pore growth.  
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3.0 Replication of Literature Results 
3.1 Introduction 
An experimental knowledge base is needed validate the theoretical framework 
above.  At the beginning of the current study, there were only two active university 
research groups that were capable of producing gasarites.  One group was Nakajima’s in 
Japan and the other was Li and Liu in China.  Only Nakajima’s group had successfully 
produced gasarites via thermal decomposition[20] therefore it was necessary to first 
replicate their experiments to conduct additional investigative foaming studies.  The 
following set of studies replicates a subset of experiments conducted by Kim in 2009.  
Only a single factor was varied, the inert gas pressure over the melt during foam 
solidification.  The results were then compared to those published in order to assess 
replicability. 
3.2 Experimental Methods 
As shown previously (Figure 1.3), all one needs to create an aluminum gasarite 
structure is charge material, a thin walled stainless steel mold, a gas source contained in 
an aluminum foil packet, and a vacuum melting system equipped with a chill plate.  
During experimental planning it became apparent that several key factors were not 
reported in Kim and Nakajima’s work.  The copper chill design and resulting 
solidification rates were never reported therefore a plate with the spiral flow pattern 
(Figure 3.1) was created.  Additionally, the particle size range of the materials used as gas 
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sources was not reported.  In the replication study, powders were used in their as-received 
size ranges.  
 
Figure 3.1: Spiral flow pattern machined in copper chill plate.  Flow channels were 0.635 
cm wide and 1.27 cm deep.  The chill surface was 28 cm in diameter with a 2.54 cm 
diameter circular groove placed on the top surface to secure molds. 
Stainless steel cylindrical molds with 0.01mm wall thickness were not 
commercially available, so molds were fabricated by spot welding 0.01mm thick sheets 
of type 301 stainless steel around a 25.4 mm diameter graphite rod.  These molds were 
limited to a height of 127 mm, but this is roughly five times taller than the size Nakajima 
and Kim investigated.  The configuration of the mold, chill plate and interior of the 
vacuum chamber is shown in Figure 3.2.   
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 Figure 3.2: Interior of vacuum induction melter showing the copper chill, mold with 
funnel attachment, and a graphite crucible inside of the induction furnace (tilted to show 
contents).  Thermcouple connections (right) were added to the chamber in order to 
estimate thermal profiles during solidification. 
The replication study conducted was of limited scope and was intended to validate 
Nakajima and Kim’s work on aluminum gasarite formation via decomposition of 
titanium hydride, calcium hydroxide and sodium bicarbonate.  Porosity response to argon 
pressures was determined at five different levels between 10-7 to 1 atm.  This pressure 
range was greater than that tested by Nakajima, but encompassed their processing 
conditions.  The 100 g aluminum charge material was 99.99% pure and gas source 
additions of 0.2 g were added to form porosity in all trials. 
The TiH2 used in the replication trials was obtained from Alfa Aesar and was 
98% pure on a metals basis.  The nominal size designation on the powder was -325 mesh 
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or less than 43µm.  The calcium hydroxide and sodium bicarbonate were fine powders 
and did not come in a designated particle size range, but were American Chemical 
Society (ACS) grade.  As with Kim’s trial all powders were folded inside of an aluminum 
foil envelope after weighing.  The melting crucible was composed of graphite and the 
temperature of the melt was monitored via an infrared pyrometer. Thermocouples were 
added to select molds in order to estimate and compare the solidification front velocity 
during foam solidification to theoretical predictions.  
Samples were sectioned using an abrasive cutoff saw transverse to solidification 
direction every 12.4 mm from the bottom of the sample.   Every whole 12.4 mm thick 
section was measured for mass and dimensions.  Porosity levels were estimated using 
Equation 3.1, in which m is the sample mass, r is the estimated radius, and h is the sample 
thickness.  The density of aluminum, ρal, was assumed to be 2.7 g/cm3.  After porosity 
levels were estimated, longitudinal slices were made to bisect any porosity present.  
Samples were polished using 400-1200 grit sand paper and taken to final polish using 
colloidal silica.  Significant time was spent on the sanding steps in order to clear the pore 
profiles of any cutting burrs.  Samples were etched for five minutes using a 10 wt% 
sodium hydroxide solution heated to 50°C. 
2
(1 ) 100
Al
r h
mPorosity x
π
ρ
= −  (3.1) 
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3.3 Results and Discussion 
The solidification profile from the thermocouple data is compared to modeling 
results from Ansys Fluent (Figure 3.3).  The two profiles do not match well close to the 
chill plate with the Ansys Fluent estimations being significantly lower than experimental 
values.  This was unexpected given the optimistic modeling assumption of complete 
contact between the liquid aluminum and copper chill.  As expected, both velocity 
profiles predict a decrease in solidification velocity as a function of distance from the 
chill plate with minimums of 1mm/s observed during experiments.   With regard to the 
bubble capture mechanism outlined in Chapter 2, this trend is detrimental to pore 
formation since bubbles will accelerate as a function of distance from the chill by virtue 
of a reduction in head pressure. 
 
Figure 3.3: Comparison of experimentally determined solidification velocity profile 
versus that modeled in Ansys Fluent.  Some initial disagreement between calculations 
and real values is evident. 
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Images of aluminum gasarite structures produced by Nakajima are compared to 
those produced in the current study below (Figure 3.4).  There were several differences 
between the quantitative and qualitative results of the replicated process and the reported 
results from Kim’s study.  First, there was significant variation in porosity levels from 
sample to sample.  Some samples exhibited virtually no porosity while others were more 
porous.  Second, the pore aspect ratio of 2.3 was quite low when compared to other 
gasarite structures.  Ripples were also apparent on the pore surfaces and may have been 
cause by vibrations transmitted to the liquid metal as it was solidifying.
 
Figure 3.4: Side by side comparison of the longitudinal pore profiles of aluminum metal 
foams created by decomposing titanium hydride under vacuum conditions in the current 
study (left) and by Kim (right).  
Metallographic analysis of the etched longitudinal samples revealed the expected 
columnar grain structure surrounding pores indicating directional solidification. 
However, most pore tips showed evidence of pore collapse possibly from either gas 
cooling or escape from the system (Figure 3.6).  A crown of columnar grains was found 
at the pore tips surrounded by a more chaotic pore structure (Figure 3.5).  This “crown” 
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section could represent the thin metal film that encapsulated the pore and was 
subsequently stretched by direct gas evolution from entrapped hydride particles as 
outlined in Chapter 2.  The chaotic zone above could have arisen due to either a partial 
rupture of the pore tip, or pore collapse due to contraction of the gas as it cooled. 
 
Figure 3.5: Collapsed chaotic grain structure above porosity in aluminum gasarite foam 
produced by decomposition of titanium hydride.  This collapse region was most likely 
due to pore contraction upon cooling. 
 
Figure 3.6: Columnar crown surrounding pore tips in aluminum gasarite foam produced 
by decomposition of titanium hydride.  The columnar crown may have been solidified 
aluminum that was expanded by entrapped gas. 
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In all porous samples, there appeared to be preferential segregation of pores 
toward the mold wall as shown in Figure 3.4 indicating attraction of the evolved gas to 
the mold surface. This interaction possibly explains why pores were isolated to the lowest 
sections of the mold.  Another potential explanation is that the titanium hydride particles 
were not well dispersed leading to highly localized gas evolution.   The head pressure on 
the lowest sections is also higher which may prevent bubble escape via buoyancy leading 
to higher porosity in these sections.  Table 3.1 summarizes the pore morphology 
information obtained during these trials and compares it to the work of Kim.  From these 
results it was determined that as published, Kim’s process was not replicable.   
 
Table 3.1: Comparison of initial results to those of Nakajima and Kim.  Values reported 
are sample averages.[20] 
 Porosity Pore Diameter Aspect Ratio  
 
Study Min  Max  Min (mm) Max (mm) Major/Minor 
Kim[20] n/a 25% 0.5 1.6 n/a 
Initial trials 0% 4%  1 7 2.3 
 
 
While overall porosity levels were low compared to Nakajima and Kim the 
influence of inert gas pressure on porosity seemed to be reproduced (Figure 3.7).  
Porosity levels were greatest when pressures of approximately 0.1 atm were utilized.  
Porosity decreased to 1% when pressure was increased to 0.33 atm and vanished when 
pressure was increased to 1 atm.  Porosity levels at lower vacuum levels of 10-5 atm were 
within the range of the 0.1 atm samples. When vacuum levels of 10-7 atm were used 
porosity seemed to decrease.  Given that head pressure was already the dominant term in 
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governing gas bubble volume at higher pressures, this is likely an artifact from the 
stochastic nature of pore formation as opposed to an indication of additional bubble 
escape.  From the general trends that were observed and utilizing the treatment of bubble 
capture pore formation in Chapter 2, there appears to be a balance that must be achieved 
between gas bubble escape and shrinkage of pores when considering the amount of inert 
gas to apply during processing.  The arrows in Figure 3.7 indicate that between 10-5 atm 
and 10-1 atm there appears to be an optimal operating pressure. 
 
Figure 3.7: Influence of pressure on porosity levels in aluminum samples created using 
thermal decomposition of TiH2.  Values reported are for the first 25.4 mm of the 60-80 
mm tall sample. 
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Samples created using sodium bicarbonate and calcium hydroxide did not contain 
significant amounts of porosity.  These results contradict those reported by Kim and 
Nakajima as they identified calcium hydroxide as the most potent gasarite forming 
compound in their study.[20]  The only positive gas forming characteristic that calcium 
hydroxide exhibited was that the few pores produced were approximately 50 mm long 
spanning most of the sample length.  The reasons for this were not investigated, but since 
calcium hydroxide decomposition can lead to oxide formation it is possible that the metal 
oxide stabilized the pore over a greater length by preventing gas escape.  Due to the fact 
that such low levels of porosity were observed these powders were not explored further. 
3.4 Summary and Conclusions 
Many discrepancies were observed when replicating the process used by Kim in 
producing aluminum gasarite structures.  Pores did not take on the desired gasarite pore 
morphology nor were porosity levels comparable.  Very general trends for the 
relationship between porosity and argon pressure were observed that were in agreement 
with literature for both aluminum and copper gasarites formed via thermal 
decomposition.  Based on these results it was apparent that changes needed to be made in 
order to obtain a process that could be used to study thermal decomposition formation of 
gasarite structures.  In order to increase process reliability and form porous gasarite 
structures throughout samples it was necessary investigate a series of process changes 
that would address the issues observed in the replication trials. 
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4.0 Process Improvements1 
The following contains selections from the work, ““Processing and Pore 
Formation Mechanisms in Aluminum Gasarites Produce by Thermal Decomposition” 
Met. Trans. A Vol 44 No. 12.  Specifically results published for the effects of different 
processing modifications and associated images. 
4.1 Introduction and Goals 
During preliminary trials several processing issues became apparent:   
 Pores tended to segregate to the mold surface indicating a possible mold wall 
interaction.   
 Significant a expulsion of molten metal from the mold due to rapid gas expansion 
resulted in sample height variation. 
 Overall porosity levels were low. 
 Pore morphology was not tubular in form. 
The process development phase was aimed at addressing these issues so that 
further studies could be carried out.  While some of these process changes were carried 
out independently, sometimes several processing changes were made simultaneously.  
Where possible the direct influence of each of the processing changes is reported.  Unless 
otherwise noted, the analytical techniques and experimental methods for evaluating each 
of the changes is consistent with the methods outlined in Section 3.2. 
1 Sections 4.2-4.7 were adapted from “Processing and Pore Formation Mechanisms in Aluminum Gasarites 
Produce by Thermal Decomposition” Met. Trans. A Vol 44 No. 12 
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4.2 Mold Surface Interactions 
Gas bubble segregation observed in the preliminary trials was addressed by 
introduction of an alumina mold coating.  Mold coating is a simple and effective way to 
prevent interactions between the solidifying metal, the gas bubbles, and the mold.  The 
choice of alumina as a mold coating was driven by several factors.  First, alumina is the 
native oxide to aluminum and is almost always present to some extent when processing 
aluminum at high temperatures.  This means that no additional chemical species would be 
present to further complicate the system.  Second, alumina has a contact angle of 80 
degrees with aluminum giving it a partial wetting character.[27]  If mold coating is 
continuous, the alumina should remain at the mold wall since it will not completely wet 
the liquid aluminum.   
An alumina slurry coating process was developed for application of alumina to 
the molds.  Approximately 150 mL of isopropyl alcohol was mixed with 27 g of 0.3 µm 
polishing grade alumina powder.  The mixture was agitated on a magnetic stirring plate 
for 30 minutes.  The slurry was then cascaded inside of the mold while rotating the mold 
by hand.  Two revolutions per mold were used.  After several molds were coated, the 
slurry was agitated for an additional minute before being poured onto additional molds in 
order to ensure a consistent application.  After drying for an hour, remaining organic 
materials were removed by baking the molds in a box furnace at 390°C for 1 hour.  
Molds were weighed both before and after coating in order to evaluate the mass of 
alumina added.  On average this process resulted in the addition of approximately 0.085 
+/- 0.02 g of powder.  This corresponds to a coating thickness of approximately 200 μm. 
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Figure 4.1 shows the surfaces of samples processed using no mold coating and 
mold coating.  The mold coating had the effect of making the sample surface much duller 
and completely prevented open porosity at the sample surface.  The dimple features on 
the coated sample should not be misidentified as pores and were formed by 
agglomerations of alumina from the coating process.  The gasarite porosity distribution 
was more uniform throughout the sample, and the average aspect ratio increased from 2.3 
to 5.5. Overall porosity levels remained low with a maximum average porosity of only 
5% in transverse sections 13-25 mm from the chill plate surface. These results were 
obtained on a limited number of samples (2-3) limiting statistical inference capabilities.  
Since additional modifications were required to increase the porosity levels, expanded 
trials were postponed until all processing issues had been addressed. 
 
Figure 4.1: Comparison of aluminum samples foamed with titanium hydride without and 
with  alumina coating of the stainless steel molds. Samples shown had diameters of 25.4 
mm. 
4.3 Multi-Packet Gas Source Introduction 
It was observed during preliminary investigations that significant amounts of 
hydride was not dispersed throughout the molten metal as was apparent by powder 
agglomerations near the bottom of the mold.   In order to form metal foams with 
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continuous porosity an additional gas source packet was added to the crucible.  This 
method was originally motivated by results of limited trials conducted using re-melted 
samples.  The samples that were remelted had reserves of hydride within them.  While 
much of the hydrogen was likely to be lost during the re-melting process, some authors 
have shown common decomposing gas sources like titanium hydride and zirconium 
hydride can evolve gas for more than 10 minutes after being raised above the melting 
point of aluminum.[46]  Samples produced using the thermal decomposition method in the 
current study were poured within 10 minutes meaning that hydrogen was likely still being 
evolved from particles dispersed throughout the melt before it was poured into the mold.  
This means that in addition to pouring the molten aluminum into the mold, the hydride 
that becomes mixed into the liquid during melting is also poured leading to more 
widespread hydrogen release throughout the sample.  Instead of relying on a double 
melting procedure to produce re-melt ingots, another hydride packet was simply added to 
the crucible.  Based on a limited test set of three samples, adding the hydride packet to 
the melt produced more uniform porosity that ranged from 5% to 15% throughout the 
length of each sample.  Better pore uniformity represented a large improvement in foam 
morphology and was adopted in further trials. 
4.4 Metal Expulsion Reduction 
During the initial stages of gas evolution significant amounts of the molten metal 
were expelled from the mold leading to variation in sample height as well as potential 
loss of gas source powder.  In order to alleviate this, gas source tablets were created by 
pressing 0.5 g of TiH2 under pressures of approximately 680 MPa in a 25.4 mm diameter 
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die.  Hydride tablets were used by Nakajima[39]  in copper foaming studies and were 
shown to completely dissolve during foam solidification.  It was an unclear whether 
similar tablets would dissolve into molten aluminum therefore this strategy was assessed 
experimentally. Utilization of tablets reduced metal expulsion significantly, however 
porosity levels were nearly zero in all samples since no particle dispersion occurred.  
Figure 4.2 shows the bottom portion of several molds revealing that the tablets remained 
almost intact.  This was most likely due to their contact with the copper chill plate and 
shape.  
 
Figure 4.2: Images of the bottom of several molds cast using pressed powder tablets.  The 
liquid metal slightly encapsulated the tablets in some cases (far left), while other tablets 
became more engulfed by the metal (far right).  Sample diameters were 25.4 mm. 
In order to alleviate metal expulsion without diminishing gas evolution, 
alternative methods were explored.  One method was to utilize inert gas pressure to 
decrease the magnitude of gas expansion during foam processing as opposed to operating 
under vacuum.  A 0.05 atm pressure of argon gas was applied during processing of 
several foams leading to significantly less sample height variation and more consistent 
results.  This pressure was selected since it fell within what appeared to be the optimal 
inert gas pressure range determined from preliminary trials (Figure 3.7).  When compared 
to trials run with previous process improvements, the porosity standard deviation was 
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reduced from 20% to 7%, but average porosity was reduced by about 3-5% overall.  This 
tradeoff was deemed acceptable in order to achieve more homogeneous pore distributions 
in future trials. 
4.5 Powder Dispersion 
The gas sources were used in their as-received powdered form.  Based on the poor 
results from the preliminary trials using hydride tablets, it was clearly necessary to 
disperse the powder in order to promote a uniform pore structure.  One issue that was 
apparent during preliminary trials was that flat aluminum foil envelopes were not 
effective since their thermal contact with the chill plate led to incomplete melting of the 
aluminum foil and limited dispersion of the hydride (Figure 4.3). 
 
Figure 4.3: Example of sample in which powdered gas source was not dispersed during 
solidification.  The aluminum foil packet was likely not melted due to its close proximity 
to the chill plate.  Sample diameter was 25.4 mm. 
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An alternate gas source introduction scheme was to make a packet that was 
secured at top of the mold instead of near the chill plate.  The molten metal was poured 
through the packet causing release of the gas source throughout the stream of liquid 
entering the mold.  It was found that when this introduction technique was used, 
significant amounts of hydride remained within the packet and the stream of molten 
metal would not be enough to cause the packet to completely melt.  This method of gas 
source introduction was not used in further trials. 
Another attempt to improve particle dispersion was to use dome-shaped packets.  
The dome shape was used in order to suspend the powder above from the chill plate to 
enable more complete hydride dispersion.  The process for making the domed packets 
entailed cutting two circular discs of aluminum foil 37 mm in diameter.  The gas source 
powder was measured onto the lower disc and spread evenly over the center of the disc’s 
area.  The second disc was placed on top and the edges were crimped approximately 6-
7mm around the circumference in order to seal the powder.  The packets were then 
pressed into a dome shape using a shaping tool so that their outer diameter was no greater 
than 25.4 mm and the top of the dome was approximately 12-13 mm away from the chill 
surface. This completely eliminated issues with particle dispersion leading to more 
consistent release of particulate to the molten aluminum and was used in all further 
studies. 
4.6 Stabilization of Porosity 
It is well known that pure liquid metals are very difficult to foam by virtue of 
significant liquid drainage around gas bubbles during solidification.[14, 52] Many foaming 
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processes utilize metal oxides having a contact angle with the liquid/gas system of 
approximately 70-90°.[27] Some claim that the metal oxides have a tendency to segregate 
to an equilibrium position near the pore surface leading to higher resistance to liquid 
metal drainage and pore rupture during processing while others claim that the particles 
raise the bulk viscosity of the melt making gas bubble escape less likely.[14, 25]  
Regardless of the mechanism, the question is whether or not the same particle semi-
wetting characteristics may be used to help reduce bubble escape in thermal 
decomposition processed gasarites. 
As shown in preliminary calculations (Figure 2.2), only small bubbles may form 
pores via the bubble capture mechanism because of the magnitude of buoyancy driven 
bubble velocities.  The likelihood of large bubbles being captured by the solidification 
front is greatly increased if the effective bubble velocity is decreased.  This can be 
accomplished by adding substances that would have a tendency to increase viscous drag 
effects on the bubble.  This approach has been used in the Alporas process through the 
addition thickening agents such as calcium oxide (CaO) to the melt prior to foaming.  
Additionally, bubbles may be slowed by particles that have a large adhesive force to their 
surfaces causing them to effectively gain weight.  If these particles are non-buoyant 
within the metal being foamed, they will decrease the buoyancy driven bubble 
acceleration and velocity.  Due to alumina’s semi-wetting behavior and higher density 
than aluminum,[27] it was expected that introducing a small volume fraction of alumina to 
the mold gas source packet would help increase porosity formed via the bubble capture 
mechanism.  Additional literature indicated that grain refiners such as TiB2 may have the 
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same effect on porosity, however the contact angle of TiB2 (0°) was significantly lower 
than that of alumina (80°).[53] Experiments were needed to determine whether or not 
either of these particles would be effective in increasing porosity in gasarite structures. 
A set of studies utilizing varying volume fractions and contact angles of 
stabilizers was carried out in order to determine the effects of stabilization in gasarite 
structures produced using thermal decomposition.  The volume fractions chosen were 
0.1% and 0.5% calculated by dividing the volume of stabilizer by the total charge mass.  
The two stabilizers chosen were TiB2 and Al2O3.  These were chosen due to their widely 
different contact angles of ~0° and 80° respectively. The stabilizers were layered on top 
of the hydrides to give them an advantage in segregating to the pore surfaces since the 
gas release would disperse them ahead of the bubbles.  Five replicates were cast using the 
matrix below (Table 4.1) and evaluated for porosity responses in the three 25.4 mm thick 
sections starting from the bottom of the sample.   
Table 4.1: Foam stabilization experimental design matrix.  Levels were chosen to give 
maximum differences within the bounds of experimental techniques. 
Factors Level 1 Level 2 
Stabilizer Contact Angle 0° (TiB2) 80° (Al2O3)2 
Volume fraction by charge volume 0.10% 0.50% 
 
The experimental results for these sections are provided in Figure 4.4.  As can be 
seen from this plot there was significant variation in both pore size and porosity levels.  
This variation may have been related to pore coalescence and other stochastic bubble 
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interactions that can occur during solidification.  A main effects plot showing the general 
trends observed for the average values of porosity in all sections is shown in Figure 4.5.  
As can be seen from this plot there are some general trends which indicate stabilization 
by higher contact angle particulate is more effective than low contact angle particles.  
This trend is statistically weak and cannot be used to make strong assertions. 
Additionally, a decrease in porosity with increasing particle volume fraction is observed.  
It was expected that higher volume fractions would result in more porosity due to more 
pore stabilization, but one possible effect is that the particulate served to prevent gas 
release by insulating the hydride against the heat of the melt since it was layered on top 
of the gas source. 
 
Figure 4.4: Effect of stabilizer contact angle and volume fraction on the porosity fraction 
(error bars represent 95% confidence interval for the mean). S1 is the first 25.4 mm thick 
section taken from the bottom of the sample, S2 the second section from the bottom, and 
S3 is the third section from the bottom. 
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While the numerical results were ambiguous due to the scatter in the data, SEM analysis 
on pores processed in the presence of Al2O3 showed supported bubble stabilization by 
presence of Al2O3 near the pore tip (Figure 4.6).  Qualitative energy dispersive 
spectroscopy revealed oxygen peaks when scans were taken on and off of the charging 
sections (Figure 4.7-Figure 4.8).  This pore was over 2 mm in diameter which is much 
larger than the radii of bubbles that can be captured by the solidification front according 
to the treatment used in the preliminary model.  Due to this fact further trials were carried 
out examining alumina as a stabilizer and the results were compared to samples created 
with no stabilizer.  Alumina additions increased porosity based on a limited number of 
samples (%3-20% vs. 0-4% max porosity).  Due to this fact alumina was added as a 
stabilizer in all other trials (0.1% volume fraction of the total charge volume). 
 
Figure 4.5: Main effects plot for overall porosity as a function of stabilizer volume 
fraction and contact angle.  Values represent averages between all sections.  Only slight 
dependence of porosity on either factor was observed, well below statistically significant 
values. 
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 Figure 4.6: Segregation of alumina to a pore surface indicating segregation and potential 
pore speed reduction.  This effect was not apparent in samples cast with TiB2. 
 
 
 
Figure 4.7: Qualitative EDS scan on non-charging pore surface of aluminum sample 
showing no oxygen peak.  This indicated no stabilizer presence. 
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 Figure 4.8: Qualitative EDS scan on charging region of aluminum pore surface showing 
oxygen peak.  This indicated the presence of stabilizer at or below the surface. 
 
4.7 Thermal Decomposition Process For Creating Aluminum 
Gasarites 
Based on the preceding studies the following final processing conditions were 
used in all for all remaining trials foaming trials.  A graphite crucible with an inner 
diameter of 75 mm, a height of 127 mm, and a wall thickness of 6.4 mm was charged 
with 200 g of high purity aluminum (99.99%) and an aluminum foil packet containing 
0.20 g of titanium hydride (TiH2) or 0.37 g of zirconium hydride(ZrH2) (equivalent 
hydrogen content). The nominal hydride particle size was -325 mesh (< 43 µm), with 
over half of the particle mass less than 20 µm in size. The chamber was evacuated to 10-7 
atm after charge outgassing, backfilled with 0.04 to 0.05 atm argon, and then the charge 
was heated for 500 s until melted. The pouring temperature measured with an infrared 
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pyrometer was 1123-1173 K (850-900 °C), but due to thermal radiation from the graphite 
crucible the pyrometer overestimated the actual melt temperature.  
The mold material was 0.1 mm thick 301 stainless steel spot-welded into a 25 mm 
diameter by 127 mm tall cylinder. A slurry of 0.3 µm alumina powder in isopropyl 
alcohol was applied to the interior mold surface, yielding a mold coating mass of 0.085 g 
(200 µm thick) after baking at 663 K (390°C). The mold was placed on a 300 mm 
diameter by 37.5 mm thick copper chill plate cooled to 286-291 K (13-18°C) by a 7.5 
L/min flow of circulating water. The chill plate rested atop three vibration-isolation 
compression springs to mitigate oscillations from the pumping systems.  This minor 
process change prevented the rippled pore surfaces encountered in preliminary trials 
(Figure 3.4).  A second aluminum foil packet containing 0.20 g of titanium hydride or 
0.37 g of zirconium hydride as well as 0.10 g of 0.3 µm alumina powder was folded into 
a dome shape and placed at the bottom of the mold. 
4.8 Summary and Conclusions 
Each of the issues encountered during preliminary trials were addressed through 
processing changes that highlighted the delicate balance between many factors that 
influence pore formation and growth within gasarites produced via thermal 
decomposition.  With a finalized process in place several key questions arose with regard 
to the assertions in literature related to pore formation and growth modes: 
1. Is pore growth driven only by gas metal eutectic? 
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2. If gas metal eutectic growth is dominant will the relationship between pore 
spacing and solidification rate predicted by the Jackson and Hunt model be 
observed? 
3. If pore growth occurs by means other than gas metal eutectic, what are they 
and can evidence of them be obtained experimentally? 
These questions were addressed by carrying out additional foaming studies using both 
titanium hydride and zirconium hydride as gas sources. 
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5.0 Baseline Process Capability and Pore Formation Mechanisms2 
The following was adapted from “Processing and Pore Formation Mechanisms in 
Aluminum Gasarites Produced by Thermal Decomposition” published in Metallurgical 
and Materials Transactions A Vol. 44 No. 12.[1] 
5.1 Introduction 
Metallic foams are produced using stochastic processes characterized by a wide 
distribution of pore morphologies.  In order to characterize this distribution it was 
necessary to carry out an expanded survey of gasarite foams produced via thermal 
decomposition and characterize a larger number of porous structures cast using the final 
process outlined above.  To achieve better control over the production of gasarites by 
thermal decomposition it was also necessary to understand how pores form and how their 
growth may be controlled.  As stated previously, Nakajima and Kim support non-
equilibrium gas-metal eutectic growth as the sole pore formation mechanism.  As shown 
in preliminary calculations both bubble capture and direct gas evolution from hydride are 
viable alternative pore formation and growth modes.   
Direct experimental evidence of different pore formation mechanisms was sought 
while analyzing the porous structures produced utilizing the final process developed in 
Chapter 4.  Evidence of pore formation mechanisms was obtained by closely examining 
the pore morphologies of aluminum foams produced by decomposition of both titanium 
hydride and zirconium hydride.  Zirconium hydride has not yet been evaluated as a 
gasarite forming decomposition material in aluminum.  Due to zirconium hydride’s 
2 Chapter 5 was adapted from “Processing and Pore Formation Mechanisms in Aluminum Gasarites 
Produce by Thermal Decomposition” Met. Trans. A Vol 44 No. 12 
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higher activation energy for hydrogen desorption and slower decomposition kinetics[47, 54] 
it is expected that the overall porosity levels will be smaller compared to titanium 
hydride, but that pores should exhibit less variance due to less turbulent gas evolution. 
5.2 Experimental Methods 
Twelve titanium hydride and six zirconium hydride aluminum gasarites were 
produced by thermal decomposition under nominally equivalent processing conditions 
outlined in Section 4.7.  Samples were sectioned using a wire electrical discharge 
machine.  Transverse sections were made every 12.7 mm from the chill and longitudinal 
sections every 6.35 mm from the sample centerline.  The spark-eroded surface was 
ground with 1200 grit sand paper to avoid damaging or masking small pores, and image 
analysis was used to quantify pore radii by manual measurement.  The Archimedes 
density of transverse sections was measured after sealing exposed pores with 25.4 mm 
diameter adhesive disks (with corrections made for disk buoyancy).  All longitudinal 
samples were polished and etched using a 30% NaOH solution for 300 s to reveal the 
grain structure around porosity.  Transverse and longitudinal sections were analyzed 
using optical and scanning electron microscopy (SEM) and energy dispersive 
spectroscopy (EDS). 
5.3 Results and Discussion 
During melting, the aluminum charge enveloped the hydride packet at the bottom 
of the crucible.  The molten aluminum effervesced for a short time before the target 
superheat was achieved, confirming release of hydrogen gas through the melt.  After 
pouring the hydride-charged melt into the mold, a more vigorous reaction occurred due to 
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release of gas from the second hydride packet, resulting in expulsion of small quantities 
of aluminum from the top of the mold.  A plume of particle-laden gas was also observed 
indicating dispersions of fine particulate throughout the melt and some degree of gas 
escape from the solidifying system.  During the first few seconds of solidification a dome 
of molten aluminum would form, expand, and rupture repeatedly at the top of the sample.  
Depending on the solidification rate this solidification dome resulted in a conical 
“turban” structure[29] in which the sample freezes along the mold wall circumference but 
continues to expand at the center.  The formation of this structure is a positive indication 
that enough porosity has been formed to compensate for the contraction of the liquid 
upon solidification.  Due to the formation of this structure total sample height varied 
between 60 to 80 mm. 
The solidification process could be observed as the red-hot stainless steel mold 
cooled from the chill plate to the top of the mold.  Samples took approximately 120-150 s 
to completely solidify based on thermocouple data presented in section 3.3.  Mold 
removal revealed a dull surface from the mold coating with no apparent interaction 
between porosity and the mold surface.  A small amount of undispersed residual hydride 
was often present at the bottom of the sample.  
The porosity level as a function of distance from the chill had some correlation 
with solidification velocity (Figure 3.3) for the zirconium hydride (both decrease).  
Porosity peaked at moderate solidification velocities (38.1-50.8 mm from chill) for the 
titanium hydride.  Average porosity levels were 2-4% for zirconium hydride and 4-10% 
for titanium hydride (Figure 5.1a).  Pore sizes were relatively constant as a function of 
distance from the chill plate, with titanium hydride producing pore sizes around 300 µm 
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and zirconium hydride generating pores smaller than 50 µm (Figure 5.1b).  Significant 
variation between specimens (error bars in Figure 5.1 represent standard error in the 6 
replicates of zirconium hydride or 12 replicates of titanium hydride) limit the inferences 
that can be drawn from experimental data. 
 
 
Figure 5.1: Average porosity (a.) and pore size values (b.) of titanium hydride and 
zirconium hydride samples.  Error bars represent one standard error of the mean. 
Typical transverse sections for foams created using each hydride type are 
provided in Figure 5.2.  The size difference between pores created using each type of 
hydride is apparent.  Longitudinal sections from the hydride specimens reveal a pore 
morphology resembling a tadpole, with a narrow tail on the bottom and an expanded bulb 
at the top (Figure 5.3).  Blocky features connected to the pore surface (Figure 5.4) were 
observed both optically and with SEM throughout the longitudinal and transverse 
sections.  The regions surrounding these features were analyzed with EDS and found to 
be rich in either titanium or zirconium depending on the type of hydride utilized.  This 
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indicated that residual gas sources were trapped at or near the pore surface in support of 
the direct gas evolution pore formation mode.  Un-etched samples did not exhibit these 
features as prevalently when examined under an optical microscope, signifying that the 
residual titanium or zirconium particulate may have been preferentially attacked by the 
NaOH etchant due to its high reactivity with aqueous solutions and formation of TiO2.[55]  
The occurrence of residual hydride in close proximity to porosity may signal a 
relationship between pore formation and hydride gas evolution.  
 
Figure 5.2: Transverse sections from foams created using TiH2 (a.) and ZrH2 (b.).  Pore 
size was greater for foams created using TiH2, but variation in pore size was also greater. 
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 Figure 5.3: Group of tadpole-shaped pores in aluminum processed with TiH2 the unique 
pore morphology. 
 
Figure 5.4: Pore surface blocky features after NaOH etching aluminum gasarite processed 
with tiatnium hydride.  The polished surface is on the left; the pore is on the right. 
If gas-metal eutectic growth was a dominant pore formation mechanism during 
thermal decomposition, the resulting structure should provide evidence to support this 
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hypothesis.  In the case of directional, diffusion-limited eutectic growth, as the 
solidification velocity is increased, the lateral diffusion length is reduced and the spacing 
of the pores will decrease at constant porosity.  This general relationship is the predicted 
by the well known eutectic growth models such as that of Jackson and Hunt, which has 
been applied to the formation of gasarites via the pressurized gas method[56].  However, 
due to the potential for localized liquid saturation around hydrides, one may expect local 
pore colonies instead of a uniformly spaced pore structure.  Although some pore colonies 
could be identified (Figure 5.3), pore spacing was often inconsistent when comparing 
regions with the same solidification rate.  Although this would seem to discredit the gas-
metal eutectic hypothesis, there are several simultaneous stochastic processes that may 
have a tendency to cause variation in pore spacing at the same solidification rate.  For 
instance, during solidification, coalescence of bubbles may cause a sudden increase in 
bubble velocity causing an amount of hydrogen to escape the system.  
For significant gas-metal eutectic growth to occur via thermal decomposition 
several conditions must be met.  First, upon heating, the thermally-decomposing species 
must release gas and saturate the surrounding molten liquid to a concentration that 
approaches the eutectic point.  Based on results presented below in Chapter 6, hydrides 
may take over 5 minutes to decompose at 933 K (660°C), (longer than the 2-3 minutes it 
takes for the solidification of the foamed aluminum samples).  Continuous introduction of 
hydrogen to the system during both melting and solidification aids in saturating the melt 
with hydrogen leading to the potential for gas metal eutectic growth.  
This hydrogen saturation must not dissipate via diffusion away from the 
decomposing particulate before the solidification front passes through this region.  
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According to Carlson[57], liquid cooling rates on the order of 3-4 K/s enable solidification 
to occur rapidly enough to compete with the diffusive mobility of hydrogen in liquid 
aluminum.  Using the cooling rates estimated from thermocouple data to estimate 
solidification velocity, typical minimum cooling rates for regions 50 mm from the chill 
plate were 5 K/s.  The solidification front is moving quickly enough to compete with the 
hydrogen diffusion as long as the hydride particles continuously saturate the local 
surroundings during solidification.  Continuous gas evolution and high cooling rates near 
the chill make gas metal eutectic growth possible during thermal decomposition 
processing. 
As shown in Chapter 2, bubble capture may only occur in gasarites if the 
solidification front velocity is moving quickly enough to compete with buoyancy driven 
bubble acceleration.  Using the largest experimentally determined pore size of 500 μm 
(produced using TiH2), the maximum velocity determined from Equation 2.8 (Stokes’ 
Law) is approximately 2500 mm/s.  This speed is several hundred times that of the 
solidification front velocity shown in Figure 3.3.  The gas bubble that formed this pore 
must have formed via other means than bubble capture or was stabilized quite effectively 
by alumina additions.  For gas bubbles of the minimum size of 10 μm found in zirconium 
hydride produced foams, the bubble velocity would be on the order of 1 mm/s.  This is 
well below the solidification front velocity indicating such pores may have been formed 
by bubble capture.  Aside from rough estimations, it is difficult to experimentally verify 
which pores formed via bubble capture and which formed via gas metal eutectic.  Due to 
this fact, bubble capture is a possible growth mode for ZrH2 foamed aluminum. 
69 
 
Gasarite production via direct gas evolution occurs when the gas source (e.g. 
hydride particulate) is directly connected to a growing pore.  The pore size and length 
will vary depending on the quantity of hydride connected to the pore surface as well as 
the amount of hydrogen released before cooling below the decomposition temperature.  
In contrast to the diffusion-limited pore spacing of gas metal eutectic growth, one would 
expect the nearly random pore distribution pattern that was observed in the current work.  
Pore size, shape, and distribution are determined by how the hydrides are dispersed in the 
molten liquid.  Due to the melt practice and pouring in the current study, hydrides are 
dispersed by turbulent flow that results in random pore distributions. 
Based on the fact that hydrides are connected to many pore surfaces (Figure 5.4) 
and evolve gas continuously throughout solidification of aluminum gasarites, it is likely 
that direct gas evolution from the hydride particles is not only responsible for pore 
formation but also continued pore growth.  Since the hydride decomposition temperatures 
are below the melting point of aluminum, they may continue to evolve gas after being 
captured by the solidification front.  If the internal pressure of the developing pore 
exceeds the yield strength of the hot solid metal, the pore may continue to expand. Since 
directional solidification techniques were employed, preferential weakening would occur 
at the hottest section of a pore (i.e. the tip) likely causing asymmetric pore expansion.  
This asymmetric expansion at the pore tip is likely the cause of the “tadpole” pore 
structure observed in both the current study as well as by Kim[20] (Figure 3.4 and Figure 
5.3).  
It is likely that eutectic growth, bubble capture, and direct gas evolution 
contributed to the growth of the porosity in this study.  Addition of hydride to the charge 
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and rapid initial solidification velocities promote eutectic growth and bubble capture 
respectively.  Random pore distributions, hydrides on the pore surface, and tadpole pore 
shapes support the direct gas evolution mechanism.  This distinction between growth 
mechanisms is important since it dictates the strategies employed to control pore 
morphology in gasarites created via thermal decomposition.  For example, if pores are 
connected to residual hydride particles, it may be possible to anneal castings to further 
expand the porosity.  Having a “pre-cast” gasarite structure in this case may allow for the 
retention of that structure and the tailoring of porosity levels to vary performance. 
5.4 Summary and Conclusions 
Aluminum gasarite structures formed using the optimized process and 
decomposition of two different hydrides have been investigated.  For titanium hydride, 
the resulting pore morphologies were highly variable but overall exhibited both higher 
porosity levels and larger pore sizes than zirconium hydride.  Zirconium hydride was for 
the first time used as an alternative gas source in gasarite processing, producing lower 
porosity levels than titanium hydride with similar structural variation.  Although the 
gasarite microstructure did not provide evidence of gas-metal eutectic growth or bubble 
capture, these mechanisms cannot be completely ruled out.  There was, however, 
significant evidence of pore formation via direct gas evolution from hydrides open to 
pore surfaces.  Continued gas evolution after solidification may explain the “tadpole” 
pore structure evident throughout the foam.  Interconnected hydride to pore surfaces also 
may enable pore expansion by high temperature annealing.  This would enable the 
tailoring of porous structures to different applications. 
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6.0 High Ramp Rate Thermal Decomposition Kinetics of Titanium 
Hydride and Zirconium Hydride3 
The following Chapter is a reproduction of an article that will be submitted to the 
journal, ThermoMechanica Acta for review.  According to the copyright transfer 
agreement (included in Chapter 10: Copyright and Permissions) the current author retains 
the right to reproduce the entirety of the work as has been done below.  Projected 
submittal date  is Dec. 20 2013. 
6.1 Introduction 
Titanium hydride and zirconium hydride are used in laboratory and industrial 
scale aluminum foaming processes due to the proximity of their decomposition 
temperatures to aluminum’s melting point.[2, 20, 39]  The gas evolution rate from these 
hydrides affects the foam pore morphology[1]; therefore it is important to understand the 
kinetics of hydrogen evolution from these compounds.  There are several routes for 
utilizing hydrides in foam production, the choice of which determines the thermo-
temporal profile governing hydride decomposition kinetics.  For example, the thermal 
decomposition method, recently studied by Kim[20], and Licavol[1], involves casting 
molten aluminum upon titanium hydride placed upon a copper chill plate resulting in 
hydride heating rates on the order of 18,000 K/min, according to thermocouple data from 
foaming experiments.   
Several studies have been conducted utilizing a spectrum of analytical techniques 
to characterize the decomposition hydrides subjected to various treatments.[28, 47, 58-59]  
3Chapter 6 was adapted from an article with the working title “High Ramp Rate Thermal Decomposition of 
Titanium Hydride and Zirconium Hydride” 
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These studies examine hydride decomposition kinetics using very slow heating rates (10-
40 K/min) due to limitations of the analytical techniques.[28, 47, 60]  Unfortunately, these 
slow heating rates prevent the characterization of decomposition kinetics since the 
reaction has proceeded significantly during heating to the foam-processing temperature. 
In the current study both titanium and zirconium hydrides were decomposed using 
a modified xenon arc image apparatus with thermo-gravimetric instrumentation. This 
allowed for high temperatures to be reached rapidly before the decomposition reaction 
was complete.  In addition to analyzing commercially pure titanium and zirconium 
hydride, an oxidizing treatment was applied to the titanium hydride and these powders 
were tested in the same fashion as above to evaluate the influence of oxide barriers in 
high temperature decomposition.  Oxidation of hydride powders has been used to better 
control pore morphology in metallic foams, but kinetic data for oxidized hydride are also 
only characterized at low heating rates.[28, 58] Since these powders have an additional 
oxide layer over most of their surface, and hydrogen transport through the oxides of 
zirconium and titanium is significantly slower than through pure metals[61-62], the overall 
decomposition rate should be significantly lower than that for the untreated powders. 
6.2 Experimental Methods 
The as-received titanium hydride powders had nominal sizes of -325 mesh (< 43 µm) 
and 1-5 µm and were purchased from Alfa Aesar in purities of 98% on a metals basis.  
The zirconium hydride powder had a nominal particle size of -325 mesh (< 43 µm) and 
was from Alfa Aesar at a purity of 98% on a metals basis.  The size distribution of the -
325 mesh powders of titanium hydride and zirconium hydride was narrowed to 20-30 µm 
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using dry micro-sieves.  A portion of the two size ranges of titanium hydride were heat 
treated in air at 663 K (390°C) for 30 minutes to form an oxide layer.  All powders were 
stored in a desiccator until just before they were loaded into the TGA apparatus to reduce 
adsorption of moisture.   
A high ramp-rate TGA apparatus was constructed utilizing a xenon arc-image 
projector as a heat source (Figure 6.1). A 10 µg resolution balance was used to measure 
hydrogen mass loss of samples suspended from the bottom attachment hook.   Mass 
readings were output using a HyperTerminal connection at a sampling frequency of 7.14 
Hz.  A battery-operated thermocouple logger was hung from the balance and sample 
holders were suspended by plugging into the thermocouple logger.  High conductivity 
alloy 101 copper sample holders were fabricated from 25 mm tubing crimped at the 
bottom.  A hole was drilled through the tubing diameter and thermocouple wire was 
threaded through the holes and welded so that the thermocouple junction was within the 
tube and in direct contact with the hydride powders. 
Argon cover gas was flowed through a rubber stopper at the bottom of the fused 
quartz protective tube in order to avoid powder and sample holder oxidation. To calibrate 
for any weight change due to contaminant burn off from within the sample holder and 
cover gas convection, each empty sample holder was held at the test temperature for a 
period of 100 seconds prior to every test.  The weight change was recorded and used as a 
correction factor when analyzing the hydride decomposition curves.  After each 
calibration, the holder was cooled to a temperature of 298-323 K (25-50°C) and powder 
was added to the sample holder. Titanium hydride samples were 1 +/- 0.01 g while the 
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zirconium hydride samples were 2 +/-0.01 g.  These sample sizes are large compared to 
standard test specimens[63], but due to the resolution of the scale and maximum estimated 
hydrogen mass losses, this large mass was necessary. 
 
Figure 6.1: Schematic of the xenon arc image thermo-gravimetric analyzer.  Temperature 
control for samples was maintained by adjusting the shutter. 
The manual shutter on the xenon arc image heat source was completely opened to 
rapidly heat the powder to target temperatures. The powder test temperature was 
maintained by partially closing the shutter to deflect part of the xenon arc image allowing 
the temperature control within 5 K of the target. 
Test temperatures and time were chosen to match the processing temperature 
range and times for gasarite foam processing. A summary of the powders and various 
target hold temperatures is included in Table 6.1.  Sintering of the 1-5 µm titanium 
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powders and destruction of two sample holders occurred at 1073 K (800°C), so this 
temperature was not used for further tests of titanium hydride.  During preliminary 
testing, the oxidized and unoxidized 20-30 µm powder showed nearly identical 
decomposition characteristics when compared to their 1-5 µm counterparts therefore the 
20-30 µm powders were only tested at 933 K (660°C).   All powders were maintained at 
temperature for a period of 4-5 minutes.  This time range corresponds to the range of 
solidification times for a thermal decomposition processed gasarite foam. 
Table 6.1: Experimental test matrix for target hold temperatures. 
Material 873 K  
(600°C) 
933 K  
(660°C) 
1003 K 
(730°C) 
1073 K 
(800°C) 
1-5μm TiH1.98 X X X X 
20-30μm TiH1.98 *1 X *1 *1 
Oxidized 1-5μm TiH1.98 X X X *2 
Oxidized 20-30μm TiH1.98 *1 X *1 *1 
ZrH2 *3 X X X 
*1-Preliminary results indicated identical behavior therefore no further tests were conducted 
*2-Not tested due to potential sintering 
*3-Slow kinetics limited the ability to test 
 
After cooling to 423 K (150°C) powders were removed from the argon 
atmosphere and placed in a dessicator to await further analysis.  The hydride 
stoichiometries were determined via x-ray diffraction using Cu-Kα radiation and a 2θ 
range of 20-90°.  The stoichiometry of the as-received powders was used to find the 
weight percent of hydrogen bound in the material in order to find the maximum weight 
loss possible, mmax, for the thermogravimetric measurement. 
The decomposition conversion fractions, α, were calculated by dividing the 
recorded mass loss as a function of time, Δm(t), by the maximum hydrogen loss, mmax, 
according to Equation 6.1. 
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In order to validate the TGA measurements, phase volume fractions in the 
decomposed hydrides were determined via the direct comparison method outlined in 
Cullity[64] using Cu-Kα radiation over a 20-90° 2θ range. Volume fraction estimates were 
converted to weight fractions using the densities of the constituents present.  The peak 
positions and relative intensities were used to determine the stoichiometry and the 
amount of remaining hydride phases.  X-ray diffraction from the oxidized powders 
(before decomposition) was used to adjust mmax due to hydrogen loss during the heat 
treatment cycle.  
Scanning electron microscopy was conducted on select hydride samples before 
and after the TGA analysis.  An accelerating voltage of 25 KV was used characterize the 
surface of the powders.  The oxidized specimens were coated in carbon in order to avoid 
charging.  Secondary electron images were used to examine both the macroscopic and 
microscopic surface characteristics and to identify evidence of cracks and fissures due to 
thermal shock. 
6.3 Results and Discussion 
Sieve separated 20-30 µm titanium and zirconium hydride powders before 
decomposition exhibited a significant number of fine particles surrounding the larger 
particles (Figure 6.2).  The overlap between the 1-5 µm and 20-30 µm particle size 
distributions may result in similar decomposition behavior.   Cracks and fissures were 
observed on the surface of all hydrides evaluated in this study, with an example shown 
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for zirconium hydride (Figure 6.3).  There was no topological difference between the 
non-oxidized and oxidized titanium hydride.  The key difference was in the color of the 
powders after they were heat treated.  The 20-30 µm powder was gold to yellowish 
brown while the 1-5 µm powder was dark violet.  These colors correspond to oxide layer 
thicknesses of 10 nm and 100 nm respectively according to color scales used in titanium 
anodization.[65]  The reason for these differences could be due in part to the difference in 
the surface area between the two particle sizes. 
 
Figure 6.2: Secondary electron images of (a.) 20-30 µm TiH2 before decomposition. (b.) 
20-30 µm ZrH2 before decomposition.  There was significant amounts of fine particulate 
in each case indicating that sieve separation was incomplete. 
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 Figure 6.3: Secondary electron images of fissure in ZrH2 particle surface before 
decomposition.  These feature present on both TiH2 and ZrH2 and may influence 
decomposition rate. 
X-ray diffraction profiles of the as-received 1-5 μm and 20-30 μm titanium 
hydride match that reported for TiH1.98 compounds having a calcium fluoride prototype 
structure (Figure 6.4 a-b).   The x-ray diffraction pattern for as-received zirconium 
hydride matched that of ZrH2 having a thorium hydride structure (Figure 6.5).  There was 
no evidence of any oxide peaks in x-ray diffraction scans of the as-received powders, but 
a thin amorphous oxide layer is expected to be present.  Using the above hydride 
stoichiometries and sample masses of 1 g TiH1.98 and 2 g of ZrH2, the maximum 
experimental mass losses were 0.040 g and 0.044 g respectively.  
The oxidized titanium hydride 1-5 µm powders showed small peaks for rutile 
(TiO2) as well as alpha titanium and TiH1.98 indicating that the oxide formation came at 
the cost of hydride (Figure 6.4 c-d).  The presence of α-Ti was somewhat unexpected 
since the heat treatment temperature of 663 K (390°C) was well below the nominal 
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decomposition point of 733 K (460°C) for titanium hydride [46].  According to the direct 
comparison methods used, the oxidized 1-5µm powders were composed of approximately 
54% hydride by weight leading to a maximum hydrogen loss of 0.022 g in a 1 g sample. 
Although the oxidized 20-30 µm TiH1.98 powders showed a change in surface color 
indicating a 10 nm oxide layer, there were no changes in the x-ray diffraction pattern 
compared to the as-received powder. 
 
Figure 6.4: X-ray diffraction scans of 1-5 μm (a), 20-30 μm (b), oxidized 20-30 μm (c) 
and oxidized 1-5 μm (d) titanium hydride before decomposition.  Peak labeled on scans 
(a)-(c) correspond to TiH1.98 characteristic peaks. 
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Figure 6.5: X-ray diffraction scan of as-received 20-30 μm ZrH2.  Labeled peaks 
correspond to those of ZrH2 with a ThH2 structure. 
Weight fractions calculated from x-ray diffraction of powders decomposed at 933 
K (660°C) were used to validate the TGA experiments by comparing to thermo-
gravimetric conversion fractions. The peaks labeled in Figure 6.6 were used in the direct 
comparison analysis.  Due to a high degree of peak overlap there was a limited number of 
peaks used in direct comparison evaluations.  Despite this limitation the x-ray diffraction 
volume fraction estimates had low errors and are in good agreement with the TGA results 
(Table 6.2).  For the zirconium hydride powders, the observed diffraction scan (Figure 
6.7) did not show a mixture of phases, but rather a range of stoichiometries corresponding 
to ZrH1.6-1.8 having the calcium fluoride structure.  The comparison for this sample was 
made by calculating the theoretical mass lost for the midpoint of this range of 
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stoichiometries and converting the weight fraction lost to volume fraction using the 
densities of the two hydrides. 
 
Figure 6.6: X-ray diffraction scans of 1-5 μm (a), 20-30 μm (b), oxidized 20-30 μm (c) 
and oxidized 1-5 μm (d) titanium hydride after decomposition at 933 K (660°C).  Peak 
labeled correspond to those used in direct comparison method. 
Table 6.2: Comparison of weight fraction transformation estimates from TGA and XRD 
Data.  Estimates between the TGA data and XRD data showed agreement within 
experimental error. 
Sample Material 
XRD Wt. 
Fraction 
Transformed 
Standard 
Error 
TGA Wt. 
Fraction 
Transformed 
Standard 
Error 
1-5μm TiH2 0.63 0.02 0.67 0.02 
20-30μm TiH2 0.62 0.02 0.67 0.05 
20-30μm ZrH2 0.18* N/A 0.16 0.05 
*Zirconium XRD weight fraction estimated from stoichiometry change, not from direct comparison 
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 Figure 6.7: X-ray diffraction scan of 20-30 μm ZrH2 powder after a 300 second hold at 
933 K (660°C).  Peaks labeled correspond to ZrH2-x with a CaF2 structure. 
Representative decomposition data for trials conducted for various hydrides and 
temperature profiles are provided in the Figures 8-12.  Data markers were thinned on all 
graphs so that marker shapes could be distinguished. Over 2000 data points compose 
each graph.  The average linear heating rates and confidence intervals for each target hold 
temperature are included in Table 6.3.   Due to sensitivity to sample position within the 
focal point of the arc image, heating rates varied by roughly 80 K/min about the average 
heating rate.  The heating rates near 1003 K (730°C) and 1073 K (800°C) were 
significantly lower than those at lower temperatures, most likely resulting from 
limitations of the arc image refiner to maintain a constant heating rate at the high end of 
this temperature range.  This is reflected in some non-linearity in the heating curves.  
Repeatability between runs was typically very consistent with the exception being for 20-
83 
 
30 μm ZrH2 at both 933 K (660°C) and 1003 K (730°C) hold temperatures.  These 
differences may have been due to contamination of the samples by moisture or other 
volatile materials despite efforts to maintain clean powders. 
Table 6.3: Heating rates for different target hold temperatures. 
Hold Temperature Avg. Heating Rate (K/min) 
+/- 
(K/min) 
873 K (600°C) 955 146 
933 K (660°C) 909 102 
1003 K (730°C) 552 91 
1073 K (800°C) 606 104 
Overall 795 80 
*+/- values represent 95% confidence intervals 
 
 
Figure 6.8: Decomposition data for 1-5 μm TiH1.98. There is little difference between the 
decomposition behavior at 873K (600°C) and 933 K (660 °C) 
84 
 
 Figure 6.9: Decomposition data for oxidized 1-5 μm TiH1.98.  The delay in decomposition 
for the 1003 K (730°C) hold was most likely due to sample misalignment within the arc 
image. 
 
Figure 6.10: Representative decomposition data for both as-received and oxidized 20-30 
μm TiH1.98 held at 933 K (660°C).  Very little observed difference is apparent at longer 
hold times. 
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 Figure 6.11: Representative decomposition data for 20-30 μm ZrH2.  As expected at high 
temperatures, decomposition proceeds more rapidly. 
For ease of comparison, representative runs for all materials were combined into 
the figures below at the targeted hold temperatures (Figures 37-40).  At 873 K (600°C), 
the oxidized titanium hydride powder had a significantly lower decomposition rate than 
that of the as-received TiH1.98 powder, in agreement with previous work.[47]  At 933 K 
(660°C) and above, the as-received and oxidized titanium hydride decomposition rates 
were more similar to one another, but the oxidized powders still decomposed more 
slowly.  The zirconium hydride powder tested at 933 K (660°C), 1003 K (730°C), and 
1073 K (800°C)  showed a markedly slower decomposition rate than all other powders as 
is expected from the results of previous studies at lower heating rates.[54] 
There were no significant differences in the titanium hydride decomposition 
kinetics as a function of particle size at 933 K (660°C).  At slow heating rates, a diffusion 
limited Jander model was found to fit the titanium hydride decomposition results yielding 
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an inverse square relation between average particle size and the extent of 
decomposition.[47]  If the Jander model were valid in this case, the size difference 
between the 1-5 µm particles and 20-30 µm particles should produce a significant 
difference in decomposition rates. Some fine particulate was observed in the 20-30 µm 
powders, which could have resulted in similar decomposition rates to the 1-5 µm 
powders.  Another possible explanation for the independence of decomposition to particle 
size is thermal shock of the brittle hydride powders as they are heated rapidly, however 
no evidence of increased quantities of fine particulate was found in the SEM images 
taken of the powders after decomposition (Figure 6.17). 
 
Figure 6.12: Comparison of all materials run at 873 K (600°C) hold temperatures.  The 
oxide barrier has a large influence at this hold temperature. 
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 Figure 6.13: Comparison of all materials run at 933 K (660°C) hold temperatures.  Only 
the ZrH2 exhibited different decomposition characteristics. 
 
Figure 6.14: Comparison of all materials run at 1003 K (730°C) hold temperatures.  Only 
ZrH2 exhibited significantly different decomposition characteristics. 
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 Figure 6.15: Comparison of all materials run at 1073 K (800°C) hold temperatures.  ZrH2 
decomposed much more slowly than TiH2.
Examining the powders under SEM after decomposition, several very large 
agglomerations of particles were observed in the 1-5μm TiH1.98 powders at 933 K 
(660°C) (Figure 6.16), indicating that sintering may be occurring.  As with the initial 
powders, all decomposed hydrides exhibited cracks and fissures in addition to varying 
amounts of fine particulate.  No direct evidence of thermal shock damage to the powders 
was manifested through additional cracks or a higher number of fine particulate.  The fine 
particulate appeared more globular and in the case of the 20-30 µm TiH1.98 powders 
processed at 933 K (660°C), the fine particulate bonded to the larger particles (Figure 
6.17). 
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 Figure 6.16: Agglomeration of 1-5 μm TiH1.98 after decomposition at 933 K (660°C) for 
300 seconds.  These agglomerations indicate some degree of sintering during testing 
which may influence decomposition behavior via reduction of particle surface area to 
volume ratios. 
 
Figure 6.17: Rounded particulate attached to larger particles in 20-30 μm TiH1.98 
decomposed at 933 K (660 °C) for 300 seconds.  This is evidence that the morphology of 
particles change during decomposition at elevated temperature, and may influence 
decomposition. 
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6.4 Kinetic Modeling 
While the raw data helps to illustrate key differences in hydride decomposition 
kinetics between materials, it is necessary estimate kinetic behavior for more general 
cases through application of modeling techniques.  There are several methodologies 
available for generating models from experimental data with the goal of determining the 
so called kinetic triplet which includes the reaction model, f(α), pre-exponential factor, A, 
and activation energy, Ea.  The currently favored technique suggested by the International 
Confederation for Thermal Analysis and Calorimetry (ICTAC) is to make use of model 
free analysis methods.[63]  In model free methods, it is assumed that the decomposition 
model is independent of decomposition temperature enabling the calculation of activation 
energies as a function of conversion fraction, α.  This methodology requires the ability to 
actively control heating rates during experiments in order to solve for activation energies 
and extremely repeatable data. 
Unfortunately, in the current study, the arc image analyzer was not capable of 
repeatable heating rate control.  Another limitation on the equipment was lack of 
automated control.   This made it impractical to run tests at lower hold temperatures to 
achieve half life time estimations for use in isoconversional methods.  As a result of this, 
a force fitting approach was used in order to provide rough estimates of the kinetic 
triplets.  While this methodology suffers from statistical limitations[66], due to the nature 
of the data gathered it was the most appropriate method for analyzing the data. 
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In order to model experimental kinetic data, the first derivative of the conversion 
fraction, α, with time is assumed to follow an Arrhenius type relation multiplied by a 
reaction model, f(α) (Equation 6.2). 
 
( / ) ( )aE RTd Ae f
dt
α α−=  (6.2) 
where A is the pre-exponential factor, Ea is the activation energy, R is the ideal gas 
constant, and T is the temperature.  In the case of the current study, the 
thermogravimetric mass loss was converted to conversion fraction, α, through use of 
Equation 6.1.   
For non-isothermal experiments of constant heating rate, β, Equation 6.2 may be 
rearranged with a change of variable (from time to temperature) to give the non-
isothermal reaction relation, Equation 6.3. 
( / ) ( )aE RTd A e f
dT
α α
β
−=   (6.3) 
In order to analyze thermogravimetric data it is more convenient to utilize the 
integral form of Equations 6.2-6.3 which may be obtained by separating variables and 
integrating.  In the case of isothermal experiments the resulting equation has a 
straightforward form (Equation 6.4). 
( / )( ) aE RTg Ae tα −=   (6.4) 
for non-isothermal experiments the integral form is (Equation 6.5), 
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In Equations 6.4-6.5, g(α) is the integral form of the reaction model f(α).  The 
Senum Yang approximation[67] was used to calculated the integral quantity in Equation 
6.5 and allow convergence to realistic fit parameters.  Table 6.4 summarizes integral 
forms of the reaction models used to fit the data generated in the current study. 
Table 6.4: Integral forms of the models used to fit data in the current study.[66] 
 
Due to the fact that the thermal profile used in all trials consisted of a non-
isothermal ramp and isothermal hold, data sets were subdivided into these respective 
portions, transformed according to the various reaction models in Table 6.4 and fit using 
Wolfram Mathematica’s nonlinear model fitting algorithms in order to find estimates of 
A and Ea according to Equations 6.4-6.5.  Since the reaction had proceeded moderately 
before the isothermal hold, the isothermal data were shifted down to zero in order to 
Model Designation g(α) 
Power Law (2nd order) P2 α1/2 
Power Law (3rd order) P3 α1/3 
Power Law (4th order) P4 α1/4 
Avrami-Erofeyev (n=2) A2 [-ln(1-α)]1/2 
Avrami-Erofeyev (n=3) A3 [-ln(1-α)]1/3 
Avrami-Erofeyev (n=4) A4 [-ln(1-α)]1/4 
Contracting Area R2 1-(1-α)1/2 
Contracting Sphere R3 1-(1-α)1/3 
1D-Diffusion D1 α2 
2D-Diffusion D2 ((1-α)ln(1-α))+α 
3D-Diffusion (Jander)  D3 (1-(1-α)1/3)2 
Ginstling-Brounshtein D4 1-(2/3)α-(1-α)2-3 
Zero Order Reaction F0 α 
First Order Reaction F1 -ln(1-α) 
Second Order Reaction F2 [1/(1-α)]-1 
Third Order Reaction F3 (1/2)[(1-α)-2-1] 
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account for this and provide a more accurate fit without introducing additional fit terms.  
The ranges of conversion over which the data were fit are included since this may have 
an impact on the applicability of the kinetic triplets obtained.  The R2 value was used as 
the measure for best fit, along with visually checking every fit alongside the experimental 
data.   
The average range of conversion fractions over which both the non-isothermal 
and isothermal data were fit are summarized in Table 6.5.  The non-isothermal data were 
subjected to a considerable amount of scatter due to the low signal to noise ratio at small 
mass losses.  Due to this fact, the kinetic triplets for this section of the curve are relatively 
unreliable and did not show a consistent trend.   
Table 6.5: Average conversion fractions ranges over which model fits were employed. 
  Non-Isothermal Isothermal 
Material THold (K) αMin αMax αMin αMax 
1-5 μm TiH2 873 0 0.25 0.25 0.64 
 933 0 0.18 0.18 0.65 
 1003 0 0.44 0.44 0.82 
 1073 0 0.67 0.67 0.94 
20-30 μm TiH2 933 0 0.22 0.22 0.65 
Oxidized 1-5 μm TiH2 873 0 0.04 0.04 0.45 
 933 0 0.10 0.10 0.60 
 1003 0 0.45 0.45 0.86 
Oxidized 20-30 μm TiH2 933 0 0.19 0.19 0.64 
20-30 μm ZrH2 933 0 0.12 0.12 0.21 
 1003 0 0.15 0.15 0.24 
 1073 0 0.15 0.15 0.36 
 
The isothermal data fit very consistently to a 3-D diffusion limited Jander model 
for the TiH1.98 samples of all particle size and treatments.  .  A 1-D diffusion limited 
model for the ZrH2 specimens was found in all cases to be the best fit for this data set.  
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Though not all TiH1.98 trials followed the Jander equations these fits were still very good 
and were used in the determination of average activation energies and pre-exponential 
factors.  An example model construction is provided in Figure 6.18 for a 1-5 µm TiH1.98 
trial.  There was some systematic underestimation of the experimental data potentially 
resulting from round off error propagating through the exponential terms. 
The averages for both activation energy and pre-exponential factors are included 
in Table 6.6.  In alignment with experimental decomposition curves, there were no 
statistically significant differences between 1-5 μm TiH1.98, 20-30 μm TiH1.98 and 
oxidized 20-30 μm TiH1.98 activation energies or pre-exponential factors.    The 
activation energies range for these model fits (35-38 kJ/mol) are significantly lower than 
values reported in other works as shown in Table 6.6.  The activation energies found for 
hydrogen diffusion in α-Ti is estimated between 40-50 kJ/mol.[68]  The estimated 
activation energies for TiH1.98 are very close to this value indicating that diffusion 
controlled decomposition takes place. 
In the case of oxidized 1-5 μm TiH1.98, the activation energy and pre-exponential 
factors were higher than other TiH1.98 specimens.  This trend is in agreement with the 
results of others[47] and supports the intended effect of oxidizing treatments, i.e. the 
minimization of gas evolution rate and associated turbulence during foam processing.  
The ZrH2 specimens obeyed a different reaction model than TiH2 as well as results from 
literature for its low ramp rate decomposition[54, 59], therefore direct comparisons of 
kinetic parameters are not valid; however the activation energy and pre-exponential 
factor were such that the comparatively sluggish decomposition kinetics were apparent. 
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With regard to foam processing, the results above indicate that hydride 
decomposition kinetics are sensitive to heating rate. Heating rate was not a controllable 
factor in the current study, therefore it is suggested for future work that hydride 
decomposition be studied at intermediate heating rates (100-500 K/min) in order to better 
elucidate the influence of heating rate on decomposition kinetics.  This data could then be 
used to extrapolate decomposition behavior to aluminum foam processing conditions. 
Table 6.6: Average values for pre-exponential factors and activation energies for modeled 
isothermal portions of kinetic data.  (+/-) values represent 95% confidence interval 
constructions. 
Powder Type Model Avg. A (s-1) 
+/-  
(s-1) 
Avg. Ea 
(kJ/mol) 
+/-  
(kJ/mol) 
Lit. Ea 
(kJ/mol)*
* 
1-5μm TiH1.98 D3 0.0091 0.0059 35 3.5 63-100[28, 
47, 69] 
Oxidized 
1-5μm TiH1.98 
D3 0.027 0.0090 47 7.9 120[47] 
20-30μm 
TiH1.98  
D3 0.025 0.036* 38 8.5 63-100 
Oxidized 
20-30μm 
TiH1.98 
D3 0.011 0.0066 36 0.21 120 
20-30μm ZrH2 D1 0.0082 0.0043 40 3.2 205 
*High variability potential outlier 
**Only Ea values were reported, kinetic triplets many not be precisely compatible 
 
96 
 
 Figure 6.18: Example fit of raw data using force fitting procedures.  Run 3-3 corresponds 
to 1-5μm TiH1.98 held at 933 K (660°C). 
6.5 Summary and Conclusions 
The high heating rate decomposition of several hydrides important to metal foam 
processing has been characterized using a unique thermo-gravimetric analyzer.  The 
experimental data agree with decomposition models found throughout the literature, 
however the magnitude of the decomposition rates are significantly greater than most 
reported values.  Modeling results of non-isothermal sections of the data yielded limited 
agreement from sample to sample on kinetic triplet, but isothermal data yielded very 
consistent model fits allowing the determination of kinetic parameters for comparison to 
other studies.  The models that were found to fit the isothermal data were in agreement 
with other works on the same materials; however the activation energy and pre-
exponential frequency factors were such that decomposition progressed more quickly.  It 
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is recommended that intermediate heating rate experiments be carried out in order to 
elucidate decomposition responses to different heating rates. 
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7.0 General Model of Gasarite Growth via Thermal Decomposition 
7.1 Introduction 
As outlined in the preliminary model, there are three different mechanisms that 
promote pore formation and growth in thermal decomposition processing.  These 
formation mechanisms include gas-metal eutectic growth, bubble capture, and direct gas 
evolution.  Each pore growth mechanism is governed by different physical relations.  As 
shown in Chapter 2, all three pore formation modes rely heavily on the determination of 
the gas evolution rate from the decomposing particulate.  The gas evolution rate may be 
estimated by utilizing model fits for decomposition data produced in Chapter 6 and 
experimental thermocouple data from the first five 12.7 mm sections from the chill 
surface.  Maximum porosity levels were estimated through the physical relations that 
govern each pore formation mode and compared to experimental values.  Porosity 
estimates were then used to weigh the contribution of each pore formation mode to 
overall pore formation by comparison to experiments.     
7.2 Gas Evolution Quantification 
Before presenting the physical relations for different pore formation modes, it is 
necessary to obtain estimates for the fraction of hydride that transforms to produce gas.  
These estimates were determined from experimental cooling curves (Figure 7.1) in 
conjunction with the model parameters from Chapter 6 (Table 6.6).  It is assumed that 
any hydride that is introduced from the crucible additions evolves gas at the same rate as 
hydride that comes from the mold packet.  The implication of this assumption is that the 
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crucible hydrides are still in the early stages of decomposition, which is not likely. Since 
no reliable thermal data within the crucible (due to radiation of graphite causing 
temperature overestimation and no pyrometer data logging capability) this is a necessary 
assumption. 
The cooling curves were taken from data sets used to calculate solidification 
velocities in Chapter 3 (Figure 3.3).  Since there were only five thermocouple 
attachments available only the first five sections will be evaluated in the current 
treatment.  In order to estimate the extent of conversion (α in wt.%), thermal profiles 
were broken into a series of isothermal steps.   Within each of the five sections, the 
temperature profile is assumed to be uniform.  It is also assumed that no transport of 
hydride occurs between sections.  Unless otherwise stated hydride is assumed to 
distribute evenly across all ten 12.7 mm thick sections (0.04 g/section).  The 
decomposition point of TiH2 is 733 K (460°C) and that of ZrH2 is 773 K (530°C).[28, 70]  
These values served to limit the time interval of hydride decomposition.  Gas production 
begins when the hydride is raised above its decomposition point and halts when the 
thermocouple data falls below this value. 
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 Figure 7.1: Schematic of sample sections and thermocouple profiles used for estimation 
of gas evolution. Data point markers on the graph are thinned so they are easily 
identified. 
From Chapter 6, the integral form of the reaction model is expressed as (Equation 
7.1), 
( / )( ) aE RTg Ae tα −=  (7.1) 
Using the best fit models from experiments, the conversion fraction may be determined 
by solving g(α) in terms of the activation energy, pre-exponential factor, time and 
temperature (Equation 7.2). 
Model ( , )f T tα =  (7.2) 
where fModel(T,t) is the integral form of the reaction model solved for conversion fraction.  
For the D3 (three dimensional diffusion), and D1 (one dimensional diffusion) models that 
fit the TiH2 and ZrH2 decomposition respectively, fModel(T,t) takes the form shown below 
(Equations 7.3-7.4), 
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( ) ( / ) 33 , 1 (1 )aE RTDf T t Ae t−= − −  (7.3) 
( ) ( / )1 , aE RTDf T t Ae t−=   (7.4) 
Changes in conversion fraction, Δαi, may be calculated as shown in Equation 7.5.  The 
time span (Equation 7.6), and temperature, Ti, used to calculate change in conversion 
fraction was determined by the thermocouple sampling rate (0.56 s) and cooling curve 
data. 
1( , ) ( , )i Model i i Model i if T t f T tα +∆ = −  (7.5) 
1 0.56i it t t s+∆ = − =   (7.6) 
 
The total fraction transformed is equal to the sum of all Δαi for which Ti remains 
above the decomposition point of the material (Equation 7.7).   
( ),T i i D
i
T Tα α= ∆ ≥∑   (7.7) 
Using these equations and the kinetic data for 20-30 μm TiH2 and ZrH2 from Table 6.6, 
the conversion fraction for hydrides contained within the first five 12.7 mm thick sections 
were estimated and compared to experimental porosity levels. (Figure 7.2-Figure 7.3). 
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 Figure 7.2: Calculated conversion fractions compared to sectional porosities for TiH2 
specimens.   
 
Figure 7.3: Calculated conversion fractions compared to sectional porosities for ZrH2.  
Error bars on experimental data are standard errors.   
The porosity profiles do not correlate directly to conversion fraction profiles for 
either powder type.  For TiH2 the porosity profile reaches a maximum of 9.9% at 25.4 
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mm from the chill, then drops to 6% in sections above 38.1 mm from the chill.  The 
conversion fraction continuously increases with distance from the chill plate due to the 
longer times above the hydride decomposition temperature.  In the case of TiH2, porosity 
decreases at 38.1 mm from the chill despite higher estimated conversion fraction in this 
section, which may indicate gas escape due to slow solidification (see Figure 3.3).  
Higher porosity in the 25.4-38.1 mm sections may also indicate that greater amounts of 
TiH2 settled into these sections.   For ZrH2, porosity levels are high within the first 12.7 
mm section then fall significantly in all subsequent sections.   Again conversion fraction 
is constantly increasing as a function of distance from the chill plate, but at magnitudes 
much less than TiH2.  The porosity level in the first section of ZrH2 specimens was 
significantly higher than all other sections despite much smaller conversion fractions.  
This indicates that more hydride mass must have resided in this section assuming all 
other factors (gas escape etc) are equal.  This indicates that ZrH2 does not disperse as 
well as TiH2.  This is most likely due to the higher density (5.60 g/cm3) of this particle 
type than TiH2 (3.75 g/cm3). 
It is possible to estimate the amount of gas within each section by multiplying the 
Archimedes sectional porosity determined in Chapter 5, fp-s, by the section volume (Vs) 
(Equation 7.8).  
2
p s p s s p s sV f V f r hπ− −= =   (7.8) 
where rs=hs=12.7 mm for samples analyzed in the current study.  The calculated 
conversion fractions may then be used to determine the hydride mass required to produce 
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gas volumes consistent with porosity levels.  This method may be used to assess the 
assumption of uniform powder dispersion directly by determining the hydride mass 
profile.   
Assuming pores form at the melting temperature of aluminum (Tm=933 K) under 
the sum of the inert gas pressure (PExt=0.05 atm) plus the section’s hydrostatic 
head(Equation 2.3); the number of moles of gas contained within the pores, ns, may be 
estimated using the ideal gas law (Equation 7.9).  It is also assumed that no gas escape 
occurs. 
s p s
s
m
PV
n
RT
−=   (7.9) 
The mass of hydride (ms) contained within each section may be estimated using the 
molar mass of the hydride (mM=49.9 g/mol for TiH2, 93.2 g/mol for ZrH2) and the extent 
of conversion for the section, αs (Equation 7.10). 
s M
s
s
n mm
α
=   (7.10) 
The use of molar mass above implies a single step decomposition reaction with each 
mole of TiH2 yielding one mole of H2 gas.  Using Equation 7.10, mass estimates have 
been calculated for both TiH2 and ZrH2 foamed specimens (Figure 7.4).  Sectional 
masses calculated for TiH2 are much more uniform than those for ZrH2 in which the first 
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sectional mass was a factor of ten greater than other sections.  In the case of ZrH2 this 
calculation provides further indication of incomplete dispersion. 
The total mass of hydride calculated above is significantly lower than the mass 
added to the system (0.4 g added vs. 0.0006 g to form pores using TiH2 and 0.74 g added 
vs. 0.004 g to form pores using ZrH2).  The influence of hydride mass on porosity has 
been investigated[20] and was shown to plateau with increasing hydride mass (from 0.05-
0.2 g).  The above calculations disagree with this result, indicating that much more 
hydride has been added than necessary.  One explanation for disagreement between 
experiments and the calculations above is that gas escape occurs during pore formation.  
In order to compensate for gas escape, additional hydride additions are likely required 
explaining the need for much higher additions.  Gas escape was clearly observed during 
of the decomposition reaction after pouring and will be quantified when examining the 
bubble capture mechanism below.   
With estimates of conversion fractions, it is possible to estimate porosity levels 
for each pore formation mode.  Due to the calculated homogeneity of TiH2 within foamed 
samples above (allowing the assumption of uniform dispersion) and its use as the primary 
hydride gas source throughout the current study, each pore formation mode will be 
evaluated using TiH2 based calculations and experimental data. 
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 Figure 7.4: Estimate of the required hydride mass to produce the observed porosity in the 
first five sections above the chill plate.  It appears that TiH2 has a more homogeneous 
mass distribution than ZrH2. Total masses were low compared to the hydride additions 
during processing.  
7.3 Gas-metal Eutectic Growth 
The classical model for eutectic growth is that of Jackson and Hunt originally 
published in 1966 and refined multiple times over the course of the past several 
decades.[71-73]  Both Drenchev and Liu have proposed applications of this model to gas 
metal eutectic growth by combining it with the ideal gas law in order to estimate pore 
volumes, sizes, and spacing.[56, 74]  Due to the stochastic nature of the thermal 
decomposition process, the application of these methods to the current study is invalid.  
This was apparent from the lack of experimental trends linking pore spacing to 
solidification front velocity in Chapter 5.  The method that will be used to evaluate gas-
metal eutectic growth in the current study involves its link to the solubility of gas within 
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the molten metal.  As stated in Chapter 2, many gases (including hydrogen) dissolve into 
molten metal according to Sieverts’ Law (Equation 7.11).  Porosity levels may then be 
estimated by applying the set of equations (Equations 7.12-15) below.   
H local H Al HC K P− −=  (7.11) 
H Head ExtP P P= +   (7.12) 
Head fP gzρ=  (7.13) 
1( )( )
298
m
H Operating H
Ext Head
T atmC C
K P P−
=
+   (7.14) 
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 (7.15) 
It is first necessary to determine if enough gas has been generated from hydride to 
saturate the molten aluminum.  In order to calculate this, the conversion fraction 
calculation from above is utilized, but only calculated for the range of time over which 
the aluminum was molten (i.e. none of the gas evolved after solidification can go into 
solution).  The total number of moles of gas necessary to saturate a section may be 
calculated using Equation 7.16. 
H Operating l s s
s
m
C V P
n
RT
ρ−=   (7.16) 
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Using this equation and conversion fraction calculations with the assumption of 
uniform dispersion (i.e. ms=0.4g/10=0.04g), the amount of gas required to saturated each 
section is presented alongside the number of moles of gas released (Figure 7.5).  
According to these estimations the amount of gas evolved is roughly 100-500 times that 
needed to saturate each section making the gas metal eutectic growth a possibility.   
 
Figure 7.5: Calculated solubility requirements (in moles of gas) plotted alongside the 
number of moles of gas evolved from TiH2 assuming uniform powder dispersion over the 
entire 127 mm long sample.  The gas released is approximately 100-500 times that 
necessary to saturate the solution. 
Once again operating under the assumption of zero gas escape for simplicity, the 
porosity levels predicted by the equations for each section (with an inert gas pressure of 
0.05 atm and pore formation at the melting point of aluminum, 933 K) are presented 
below (Figure 7.6).  Within the first three sections there is significant disagreement 
between calculated porosity levels and those observed during experiments.  The first 
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section significantly overestimates porosity, while porosity levels in the next two sections 
are well above estimations.  Under the assumption of no gas escape, the calculations 
should overestimate porosity; therefore it is likely in these sections other pore formation 
modes are contributing.  In sections further from the chill, which may have more 
opportunity to achieve steady state growth, the experimental porosity levels and 
estimations are more aligned which could indicate the dominance of pore formation via 
gas-metal eutectic growth.  It should be noted that diffusion limited spacing and size 
trends were not experimentally observed therefore a non-equilibrium growth mode would 
be expected if gas metal eutectic growth occurs.  Under the assumption of non-
equilibrium growth conditions it appears as though gas metal eutectic may contribute to 
pore formation; however additional pore growth modes must be examined in order to 
determine whether they may also reflect experimental trends. 
 
Figure 7.6: Comparison of porosity levels observed in TiH2 experiments with those 
estimated using the saturation limits of hydrogen in molten aluminum.  Error bars 
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represent standard errors.  Initially there is some disagreement with calculations, but as 
distance from the chill is increased, the differences between calculations and experiments 
decreases. 
7.4 Bubble Capture 
As shown in Chapter 2, the bubble capture pore growth mode is highly dependent 
on the balance between solidification front velocity and bubble velocity.  Specifically, 
this pore growth mode dictates that the path of the bubble and path of the solidification 
front must intersect over time in order to form tubular pores.  For the current treatment, 
analogous treatments of bubble rise within aqueous systems will be utilized to estimate 
whether or not this can occur.  A review of these treatments has been recently 
published.[75]  The geometry utilized in these treatments involves a submerged orifice as 
the gas source as opposed to decomposing particulate.  In order to apply these treatments 
to a decomposing particle, the bubble the configuration shown in Figure 7.7 is assumed 
yielding similar conditions similar to those found for submerged orifices.    
 
Figure 7.7: Schematic of a gas bubble just before detachment from the gas source.  DD is 
the diameter of the bubble when it detaches from the particle, FB is buoyancy force, FI is 
inertial force, and Fμ is viscous drag. 
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The treatment below was originally derived by Kumar et al.[76] and entails the 
following assumptions: 
1. Bubble formation is two staged (expansion followed by detachment) 
2. Carrier mass of liquid is constant during bubble growth (i.e. gas saturation level is 
constant) 
3. No transport of zero viscosity fluids into or out of the system (drag simplification) 
4. Bubble motion is not influenced by the presence of other bubbles 
5. Surface tension has no effect on bubble size 
6. Interfacial surface tension is constant and uniform 
7. No mass transfer or energy is transferred through the gas-liquid interface 
8. Ideal gas behavior is exhibited 
9. Gas density is negligible compared to liquid metal density 
10. The particle or orifice is stationary relative to the gas bubble 
The detachment condition is determined by a force balance. The buoyancy force, 
which promotes detachment from the particle is estimated as (Equation 7.17), 
( )B B lF V gρ=  (7.17)  
where VB is the bubble volume, ρl is the density of molten aluminum (2.3 g/cm3) and g is 
gravitational acceleration (9.81 m/s2).  The next force, viscous drag force, inhibits bubble 
motion (Equation 7.18), 
6 e eF v rµ πµ=  (7.18) 
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where μ is dynamic viscosity (1.3 mPa-s for molten aluminum[50]) . The terms ve and re 
correspond to the bubble instantaneous expansion velocity and radius respectively.  The 
final force term considered is inertial force (Equation 7.19),  
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=   (7.19) 
where Q is the volumetric gas flow rate determined from decomposition data.   
Balancing the forces, the detachment volume of a bubble is expressed as (Equation 7.20), 
0.25 0.7515(2 ) ( )
2D l
QV
g
µπ
ρ
=   (7.20) 
In order to calculate values of Q for each section and determine the size of 
bubbles that may detach from well dispersed, uniform particle distributions, the 
conversion fractions were applied to individual particle masses, mp, of TiH2.  The 
particle mass was calculated by assumed gas source particles were spherical (Equation 
7.21). 
2
34
3p TiH p
m rρ π=   (7.21) 
where the density of TiH2 is 3.75 g/cm3 and the particle radius, rp, is assumed to be 12.5 
μm since this is the midpoint of the sieve range.  The detachment volume as a function of 
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time was then calculated for each section per Equation 7.20.  The radii of these bubbles 
were then used in Stokes’ law (Equation 7.21) to estimate bubble terminal velocities 
(assuming low gas density, i.e. ρl-ρg=ρl) and compare them to experimental solidification 
velocities (Figure 7.8).  It is implied by use of Stokes’ law that bubbles are allowed 
enough time to attain their terminal velocities. 
22( )
9
l g B
B
gr
v
ρ ρ
µ
− −
=   (7.22) 
 
Figure 7.8: Comparison between the solidification front velocity and bubble velocities 
that detach from particles held within the first five 12.7 mm thick sections of the sample. 
The results of these calculations reveal that bubbles evolving from any particle 
throughout the first five sections will have a velocity that is greater than the solidification 
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front velocity (i.e. all gas bubbles will escape).  This causes the estimated contribution of 
bubble capture to porosity levels to be zero under the assumptions of the current model.   
Dividing the volume of gas produced by detachment volumes yields an estimate 
of 1000-10000 bubbles released per particle.  Multiplying this by the number of particles 
(~107) added to the system results in a high number density of bubbles released to the 
system.  This means that assumption 4 (bubbles do not interact) breaks down.  The result 
of bubble interactions in this case would most likely entail coalescence. Bubble 
coalescence always serves to increase bubble velocity making the bubble capture 
mechanism even less likely.  
Although calculated bubble velocities were high by comparison to the 
solidification front velocity, they may be slowed considerably if the alumina additions are 
taken into account.  Pore interactions with alumina are likely to be highly stochastic in 
nature and are difficult to quantify in the current treatment or via experiments.  A rough 
means by which to take this effect into consideration is to assume that the alumina covers 
some fraction, fst of the surface of a detached bubble at a thickness of tst. It is also 
assumed that the stabilizer has a strong attraction to the bubble surface making it 
effectively a part of the bubble.  Assuming the density of alumina is 3.94 g/cm3, the 
effective increase in bubble density (decreasing buoyancy force) may be calculated 
(Equation 7.23). 
2 3
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ρ − =   (7.23) 
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This density may be subtracted from the liquid aluminum density in Equation 7.22, to 
estimate new bubble terminal velocity profiles.  The influence of stabilization was 
examined by varying stabilizer fractions and thicknesses independently, estimating new 
bubble velocity profiles, and again comparing them to the solidification front velocity 
(Figure 7.9).  With 50% of the bubble surface covered in stabilizer and a coating 
thickness of 50 μm (~150 particles thick assuming an alumina particle size of 0.3 μm) the 
bubbles move slowly enough to be captured by the solidification front.  This is a large 
degree of stabilizer interaction.  According to images taken from pore surfaces (Figure 
4.6) fractional coverage is well below 0.5.  In the current study, the thickness of 
segregated alumina was not directly measured.  Given the amount of alumina added and 
its orientation ahead of the hydride, inside of the mold packet, it is reasonable to assume 
that bubbles will have ample interactions with alumina particles leading to bubble 
capture.  A thickness of 150 particles is too great however making this mechanism of 
promoting bubble capture unlikely.  
One piece of experimental evidence that helps to support some relation between 
pore growth and bubble capture is that the average detached bubble radius calculated 
from the Equation 7.20 was 300 μm.  This value is within pore radius confidence interval 
(190-500 µm) found in Chapter 5 (Figure 5.1) for TiH2.  While potentially coincidental, 
this may indicate that bubble capture plays a role in bubble formation, but continued 
growth may be governed by other pore formation mechanisms including gas metal 
eutectic growth and direct gas evolution.   
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 Figure 7.9: Stabilization effects for the bubbles produced in the first section of the mold 
(12.7 mm).   
7.5 Direct Gas Evolution 
Direct gas pore formation begins when the solidification front comes into contact 
with actively decomposing hydride particles as shown in Figure 7.10.  When the 
solidification front continues to move upward a cylindrical gas volume will be 
encompassed as shown in Figure 7.11.  Pores formed in this fashion are assumed to have 
a radius of approximately 300 μm (average pore radius from experiments).  Pores will 
continuously grow as long as the volume created by movement of the solidification front 
does not exceed the volume of gas released by the decomposing hydride.  Assuming 
constant pore radius of 300 μm (the average pore radius from experiments) and utilizing 
solidification front velocity profiles (Figure 3.3), the solidification driven pore volume 
increases were calculated using Equation 7.24 below.  The gas expansion volumes were 
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also calculated utilizing Equation 7.25.  Only calculations for mold Section 3 will be 
presented due to its longer decomposition time and higher porosity levels. 
 
2
1( )i s i i pV v t t rπ−∆ = −   (7.24) 
1( )
p i
i gas P i i
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m RTV N
m P
α α− −∆ = −   (7.25) 
 The value, vs, is the solidification front velocity in Section 3, and rp is the radius 
of the pore.  The radius of the pore is assumed to remain constant for simplicity.  
Uniform particle dispersion and an average of 100 pores per section were assumed (based 
on experimental averages) giving a total of 15000 particles (Np) attached to each growing 
pore per section.  The sectional pressures (Pi) were assumed to be equal to the sum of the 
inert gas and head pressure terms as in previous treatments.  The results of these 
calculations were then directly compared (Figure 7.12).  In Section 3, the volume of gas 
evolved from titanium hydride exceeded solidification driven pore growth by several 
orders of magnitude.  Due to high gas evolution volumes, pore growth via direct gas 
evolution most likely takes on the appearance of a chimney plume with all excess gas 
escaping to the open liquid as shown in Figure 7.11.  Despite the assumption that pore 
radius are constant, they increase considerably throughout the growth process due to 
excess gas supply.  This is supported in previous metallographic images (Figure 5.3) 
showing pore radii increasing in the growth direction.  Pore size variation could be 
estimated if more advanced solidification and fluid dynamics modeling techniques were 
utilized.  Such techniques would need to quantify the precise thermal profiles across 
118 
 
pores, as well as the expansion and contraction of the gas volume that occurs when 
bubbles escape from the pore tip.  In the current treatment, the only means by which pore 
radius increases could be estimated is to assume a direct correlation between pore radius 
change and the volumetric gas evolution rate.  Under this assumption pores undergo 
extreme expansion which does not reflect experimentally observed pore radii  It is likely 
that the increase in pore radius involves some competition between solidification and gas 
evolution leading to limitations on pore size increases. 
 
Figure 7.10: Beginning of direct gas evolution based on the bubble capture treatment.  
The solidification front encapsulats the gas source creating a cylindrical pore volume. 
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 Figure 7.11: Stable direct gas evolution growth with gas escape from the top of the 
growing  cylindrical pore. 
 
Figure 7.12: Calculation of the volume of gas evolved from titanium hydride (log scale) 
versus the pore volume that can be formed by solidification in Section 3. 
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If large gas volumes are released from the top of the “chimney” it is possible that 
the liquid may fall into the pore as shown in Figure 7.13.  Such large volumes may be 
released if the network of hydride connected to the pore surface builds up sufficient 
pressure and decompresses by venting into the larger pores.  This is analogous to the 
fracking process used to extract oil or natural gas.[77]  When the liquid drops down into 
the pore and comes into contact with the solidified metal on the pore edges, the liquid 
may cool enough so that lateral solidification occurs as shown in Figure 7.13.  Assuming 
the lateral solid growth occurs at roughly the same rate as directional solidification 300 
μm pore may be sealed in 0.18 s.  If gas continues to evolve from the hydride it will it 
cause the laterally solidified film to deflect upwards.  The cycle of gas escape, liquid 
infiltration and solid deflection will repeat until no opening remains from which the gas 
may escape (Figure 7.14).  The deformation cycle is the most likely cause of the head 
section of the “tadpole” pores shown in experiments.  Pore growth will terminate when 
either the hydride stops evolving gas, or the solid forms a continuous layer during which 
creep deformation may take place.  Before assuming no further expansion occurs it is 
necessary to estimate the magnitude of creep expansion. 
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 Figure 7.13: Lateral solidification from variable gas escape causing solid to protrude 
ahead of the gas expansion front.  Newly formed solid is likely to be thrust upward 
leading to deformation and partial remelt. 
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 Figure 7.14: Encapsulation of gas volume by lateral solidification showing the formation 
of the characteristic “tadpole” pore.  Small bubbles above the pore were released rapidly 
before the pore is sealed. 
Rough estimates of the expansion due to creep are possible if it is assumed that 
one dimensional Nabarro-Herring, (high temperature, bulk diffusion) creep takes place at 
the temperatures and stress levels under consideration.  In order to estimate the influence 
of creep on bubble expansion, the configuration shown in Figure 7.15 was constructed. 
Linear creep was assumed to stretch the solidified metal as shown.  It was also assumed 
that particles start on the lowest planar surface of each section (i.e. they have 12.7 mm to 
grow upward before intersecting with the next section under consideration).  
123 
 
 Figure 7.15: Direct gas evolution pore formation mode just after encapsulation 
(a.) and after creep expansion (b.).  Lo corresponds length of solid that deforms via creep. 
According to Frost and Ashby[78], The equation for lattice diffusion creep rate at a 
given temperature, T, and hoop stress, σ, is (Equation 7.26), 
2
42
vDkTd
σγ Ω=    (7.26) 
where Ω is the atomic volume of aluminum (1.66x10-29 m3), k is Boltzmann’s constant 
(1.38x10-23 m2kg/s2K), and d is grain size (assumed to be 10µm).  Dv is the lattice 
diffusion coefficient (Dov=1.7x10-4 m2/s, Qv=109 kJ/mol) 
 Assuming an initial pore radius (Lo) of 300 μm (corresponding to experimental 
pore sizes) and a particle radius of 12.5 µm, the pressure due to gas evolution from each 
particle, Pi (Equation 2.11) was used to calculate the hoop stress within pores (Equation 
7.27).  It was assumed that the initial pore tip thickness, w, was 50 µm (corresponding to 
the width of the columnar crown in Figure 3.6). The thickness of the pore tip was 
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increased during each time step, with the increase in thickness corresponding to the 
solidification velocity (from Figure 3.3) multiplied by the thermocouple sampling 
frequency (0.56 s). 
2
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σ =     (7.27) 
 Hoop stresses found with Equation 7.27 were approximately 104-105 Pa in 
magnitude.  At temperatures above the decomposition point of titanium hydride these 
pressures again indicate diffusion driven creep as the dominant deformation 
mechanism.[78]  These pressures are also far below the equilibrium partial pressure of 
hydrogen that would halt decomposition according to thermodynamic data (in order to 
halt decomposition pressures on the order of 106 Pa are required).[79]  Expansion 
calculations were ended when the solidification front had passed through the entire 12.7 
mm section.  The total number of particles attached to pore surfaces assuming uniform 
dispersion and 100 pores per section was15000.  Linear estimations for the creep 
elongation of the pore tip were then used to measure the expansion potential for porosity.  
These estimations were found through use of Equation 7.28.  The linear change in film 
length was calculated by summing linear pore tip expansions before the solidification 
front passed through the entire section (Equation 7.29).  The results of this calculation are 
provided in Figure 7.16 
1 1( )( )i i i i iL t t Lγ − −∆ = −  (7.28) 
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( )f i i sL L t t= ∆ <∑   (7.29) 
 
Figure 7.16: Elongation (Lf) for a pore with 300 µm initial radius and 12.5 µm particles 
connected to the pore surface.  Assumes that approximately 15000 particles are attached 
to the pore surface. 
The results of the estimated pore expansion calculations show that for evenly 
dispersed particles, maximum expansion occurs in sections furthest from the chill.  The 
main contributing factors for this trend are related to cooling rate.  At low cooling rates, 
the solid grows much more slowly leading to higher hoop stresses and more time for 
pores to expand throughout a section.  Also at lower cooling rates, more hydrogen is 
released to the pore resulting in higher pressure increases and more creep.  The 
magnitude of the expansion is 18 µm maximum.  This expansion value is roughly 1/15 of 
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that for tadpole shapes shown in Figure 5.3.  This indicates that pore expansion due to 
creep is likely very small and the formation of the tadpole shaped pores most likely 
occurs when the metal is in a slushy state with no resistance to bubble expansion.  This 
also indicates that bubble expansion abruptly ends as soon as a continuous solid layer 
with a thickness above 50 μm is formed.  The solidification rates in mold sections under 
consideration can create this thickness in under 0.1 s.  This gives further indication that 
solid encapsulation is the primary means by which pores terminate. 
If pore tips are thin and initial pore radii are small, it is possible that during foam 
processing, pores may expand ahead of the solidification front and then collapse leading 
to backfill of pores with liquid.  This defect was apparent in many foam specimens as 
shown in Figure 7.17.  As solidification occurs, rupture is less likely due to increased 
pore tip thicknesses.  Pores in this case are likely to retain the tadpole shapes shown in 
Chapter 5.  Given the wide range of decomposition rates, numbers of particles open to 
pore surfaces, and solidification rates throughout the sample a spectrum between the two 
extremes (pore growth versus pore rupture) is envisioned. 
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 Figure 7.17: Metallographic image of a section approximately 25.4 mm from the chill 
plate showing pore that may have ruptured due to overexpansion of pores via direct gas 
evolution.  Sample processed using TiH2. 
7.6 Summary and Conclusions 
Porosity levels have been calculated and compared to experimental results 
utilizing theoretical treatments of each pore formation mode.  No single pore formation 
mode was found to completely fit experimental trends individually.  A mixture of each 
pore formation mode is most likely.  Based on the preceding discussion, direct gas 
evolution is most likely followed by gas-metal eutectic growth and finally bubble 
capture. The methods employed above involve several strict assumptions that are unlikely 
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to be reflected in the real systems. Gas metal eutectic growth assumed that no gas 
escaped the system, which from experimental observations is not likely the case.  For 
bubble capture it was assumed that bubble detachment volumes were independent of 
surface forces.  Given the size of bubbles, this assumption may not be valid, but reliable 
high temperature surface energy data between hydrogen, titanium and liquid aluminum is 
lacking.  Treatment of direct gas evolution involved the assumption that pores may 
expand freely against the slushy liquid which is most likely not the case.   
While the above treatments were limited in their scope, they did highlight several 
important concepts relevant to thermal decomposition processing of gasarite structures.  
Gas solubility is low, but since vacuum processing techniques are employed porosity 
levels generated by gas metal eutectic type growth may be high.  Bubbles that are 
generated from the hydride move through the liquid very rapidly and may only be 
captured if they are slowed by a large number of oxide particles in the liquid.  Direct gas 
evolution has the potential to expand pores significantly and may account for both pore 
formation and continued growth.   
Future work may include more advanced computational methods be employed to 
estimate pore development and growth utilizing the three pore formation modes outlined 
in this work.  These techniques could include advanced Lattice Boltzmann fluid 
dynamics and solidification modeling methods, which reflect the statistical nature of the 
processes that govern foam development.[19, 80-82]   
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8.0 Summary, Process Viability and Future Work 
8.1 Introduction 
The experimental and theoretical studies presented in Chapters 3-7 have 
highlighted the key characteristics and challenges of thermal decomposition processing of 
gasarites.  The final chapter will summarize these finding and provide discussion as to 
their implications for process viability.  Because thermal decomposition was developed to 
replace the gas-metal eutectic method, comparisons between batch versions of these two 
processes will be made in order to quantitatively assess process viability.  Ashby has 
outlined a method for assessing foamed material viability,[2, 24] but this method requires 
large amounts of consumer and manufacturing data.  Since both the gas-metal eutectic 
process and thermal decomposition process (to produce gasarites) are isolated to 
laboratory scale, no such data could be obtained.  The approach that is used instead, in a 
fashion similar to Ashby, assigns a weight to each positive and negative processing 
characteristic in order to assess process viability.  Unlike Ashby’s method, this approach 
will not utilize customer data to determine the weighting factors, but will instead weigh 
the processes on viability scales.  The extremes of these scales represent processes or 
characteristics that epitomize negative and positive traits.  For example, the processes 
with extremes in expendable material costs were chosen as sand casting and investment 
casting (representing low material cost and high material cost processes respectively).  
Gas metal eutectic and thermal decomposition were then weighed by how their 
expendable material costs compared to these processes.  In order to determine what 
processes, or conditions lay at the extremes additional literature review was conducted.  
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Each characteristic was assigned a weight and the sum of the scores was taken in order to 
assess the viability of each process.  A high score represents a highly viability process 
while low scores represent processes that are not viable.  Before examining process 
viability it is first useful to summarize the major findings relevant in this analysis. 
8.2 Summary of Findings  
Chapter 2 served to develop a preliminary theoretical basis on which hypotheses 
could be developed.  Using this construction, it was found that three different pore 
formation modes were likely in thermal decomposition processing.  These modes are gas-
metal eutectic growth, bubble capture, and direct gas evolution.  Utilizing simplifying 
assumptions it was found that gas-metal eutectic and direct gas evolution were likely to 
be the primary contributors to pore formation and growth.  Bubble velocity relative to 
solidification front velocity was too great preventing bubble capture. 
Chapter 3 highlighted one of the primary challenges of metal foam processing, the 
replication of experimental results.[2]  Many foaming processing by virtue of their 
stochastic nature are highly sensitive to initial processing conditions.[19]  Many of these 
conditions such as the initial spatial distribution of pores, cannot be directly measured 
leading to the potential for many different processing outcomes.  Computational 
modeling efforts for such systems have begun to take advantage of chaos theory and 
complex systems analysis in order to predict pore morphology ranges.  In order to 
minimize the non-replication of results, foam experimentalists are required to report their 
findings with an extreme attention to detail.  As was demonstrated in Chapter 3, several 
key processing characteristics in Kim’s preliminary studies[20] of thermal decomposition 
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processing were not reported leading to major issues with foam processing in the current 
study.  While overall pore morphology results were not replicable the variation of 
porosity level with increased inert gas pressure agreed with Kim’s results. 
Chapter 4 entailed modification of Kim’s process to produce more uniform foams 
with high porosity.  These efforts relied heavily on the preliminary conceptual model 
(Chapter 2) in order to develop short hypotheses for the influence of each process change.  
Mold surface interactions, non-uniform particle dispersion, metal expulsion and several 
other issues were minimized in order to give a more consistent process.  Additionally, 
techniques that have been used in other metal foam processes were employed in order to 
demonstrate pore stabilization mechanisms that may be utilized in thermal decomposition 
processing.   
A baseline process was established and expanded characterization trials were 
completed (Chapter 5).  These trials served to establish the pore morphology 
characteristics, evaluated ZrH2 as another gas source, and provided direct evidence of 
one of the three possible pore formation modes, direct gas evolution.  The ease with 
which the process was adapted for ZrH2 demonstrates some of the inherent flexibility of 
thermal decomposition processes.  It was found that porosity levels were quite low 
(maximum of ~10% for TiH2 and ~6% for ZrH2 processed foams).  High variability was 
observed in both porosity levels (~4.4% max-95%CI) and pore sizes (280 µm max-
95%CI) despite variability reduction measures.   
Evidence of direct gas evolution evoked several questions about the 
decomposition kinetics of the hydride gas sources studied in Chapter 5 and how they 
influence pore morphology.  A literature review of experimental data revealed a 
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considerable gap between the heating rates utilized to characterize hydride decomposition 
kinetics and those that were observed during foam processing.  In order to better 
characterize decomposition kinetics, a high ramp rate thermo-gravimetric technique was 
developed and the kinetic triplets for several types of metal hydride were determined 
(Chapter 6).  It was found, in agreement with literature, that decomposition was diffusion 
limited, but occurred more rapidly than observed previously.   
Utilizing data generated in Chapter 6, a theoretical assessment of each pore 
formation and growth mode was conducted.  This was done to understand the 
contributions of each pore formation mode to overall porosity levels.  It was found that 
despite low gas solubility under processing conditions, gas-metal eutectic driven pore 
formation could contribute to overall porosity levels.  Direct gas evolution was also a 
likely contributor, although quantification of this effect is difficult due to quantify given 
unknown powder dispersion values and interactions with partially solidified metal.  
Bubble capture was determined to only contribute to porosity if significant amounts of 
alumina stabilizer segregate to bubble surfaces.  While this is possible, it is unlikely to be 
probable in many cases making this mechanism less likely than the others. 
Summarizing the key points from the above discussion with regard to the 
characteristics of thermal decompositions processing: 
1. The thermal decomposition method relies on three different pore formation 
mechanisms each governed by different physical laws. 
2. The thermal decomposition process is subject to considerable variability making 
experimental replication difficult. 
3. Variation in porosity levels was somewhat reduced by process modifications 
compared to the original process laid out by Kim and gasarite structures were 
formed. 
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4. Pore formation mechanisms were determined and zirconium hydride was 
evaluated as an alternative gas source material.   
5. Thermal decomposition processes can easily integrate other gas sources. 
6. Porosity levels and pore sizes were quite low for foams produced using either 
TiH2 or ZrH2. 
7. Variation in porosity levels was high. 
8. Decomposition of metal hydrides at high heating rates occurs by the same 
mechanism, but more rapidly than at low heating rates. 
9. Gas metal eutectic growth and direct gas evolution are the primary contributors to 
pore formation and growth. 
Many of these findings will now be used to compare thermal decomposition 
processing to gas metal eutectic processing. 
8.3 Comparisons to Gas Metal Eutectic Processing 
A bulk of the following comparative data came from general reviews published 
by both Nakajima[32] and Shapovalov.[29-30] Additional literature and internet-based 
resources were used in order to estimate current material, equipment, and other costs in 
order to add economic factors to the viability decision.[83-86]  The main factors that will be 
considered are summarized in Table 8.1.  Limited data on batch gas-metal eutectic 
processing of aluminum gasarites was available therefore the porosity and pore size 
values reported below are from studies conducted utilizing continuous casting 
techniques.[87] 
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Table 8.1: Summary of factors used to calculate gas metal eutectic and thermal 
decomposition process viability. 
 
Gas 
Metal 
Eutectic 
Thermal 
Decomposition 
Production Factors   
Material Cost ($/100g of Foam)[83-84, 88] 0.38 0.54 
Capital (Vessel Construction) ($)[84, 86] 20000-80000 5000-15000 
Maintenance *(Hrs/Wk) 4 1 
Cycle Time* (Hrs) 4.5 1.5 
Safety Risk High Low 
   
Foaming Capabilities   
# of Foamed Materials (see Table 1.2,Table 1.3) 14 4 
Maximum Porosity Levels (%) 40 12 
Porosity Variability (%)** 7 6 
Pore Size Variability (µm)** 176 280 
Sample Length (mm) 1000 127 
*Includes labor and melting 
**Inert Gas Pressure = 5 atm,  
**Solidification Velocity=0.9 mm/s[87] 
  
 
As shown, process characteristics were divided into production factors and 
foaming capabilities.  Material costs were estimated by utilizing aluminum prices on the 
London Metals Exchange[88] and also included mold material costs[89], and gas source 
costs.[83-84]  Capital costs were estimated by quotes received from a pressure vessel 
supplier[86] and those found for vacuum chambers of similar capacity used in the current 
study.  Maintenance and cycle times were estimated based on experiments conducted in 
the current study as well as research conducted utilizing gas-metal eutectic for copper 
gasarite fabrication.  Safety risk was assessed by comparing explosive depressurization 
hazards and combustion hazards between the two processes, with the gas metal eutectic 
process being much more hazardous than thermal decomposition.  All values for foaming 
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capabilities for each process came either from the current study or a study on utilizing 
continuous casting to form gasarites under 5 atm of pressurize hydrogen and 
solidification rates of 0.9 mm/s.[87] 
8.4 Assessment of Thermal Decomposition Processing 
With the key comparative factors determined it is now possible to assess the 
viability of thermal decomposition processing versus gas metal eutectic processing in the 
production of aluminum gasarite structures.  The procedure for determining material 
viability entails evaluating cost, performance and value.[24]  Typically, exchange 
coefficients measuring the cost of process performance are utilized to convert non-dollar 
value factors into dollarized cost.  These exchange coefficients are typically gathered 
through use broad customer surveys, but for the current study no such data was available, 
therefore standards of reference were used to rate the two processes on a scale from one 
to ten (Figure 8.1).  A value of 1 represents a detrimental trait for process viability while 
10 represents a desirable trait.  In order to provide some objectivity and review both 
processes in broader terms, the scales were set by a brief survey of metal casting 
techniques[2, 90], and typical foam processing capabilities(including , pore control ranges, 
and pore variability).  Figure 8.1 shows the scales and selected extremes for various 
processing metrics.  Each characteristic was also given a weight with regard to its 
importance for process viability.  Table 8.2 summarizes the values used in assigning 
scores to the two processes.   
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 Figure 8.1: Scales used to assess the viability of both thermal decomposition processing 
and gas metal eutectic processing.  Extremes on each scale were determined by either 
qualitative metrics based on literature or numeric data from experiments. 
The result of weighing the factors for each practice is that both are far from ideal (Table 
8.2).  A low cost, safe, and efficient foaming process would have a score of 100 and these 
processes received less than half of the perfect score.  Gas metal eutectic is slightly 
superior to thermal decomposition processing, but given the resolution of the weights and 
indices, the difference is not significant enough to discount one process over the other.  
The interpretation of the above analysis is that thermal decomposition would tend to 
suffer many of the same issues as the gas metal eutectic process, mostly due to the 
current limitations on pore morphology control.  In order to improve the case for using 
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thermal decomposition additional work is required to better characterize the process and 
investigate alternative process control modes. 
Table 8.2: Assigned values, weights and scores for process viability assessment.  Both 
scores ranked low overall, with gas metal eutectic processing barely proving superior. 
Factor 
Gas 
Metal 
Eutectic 
Thermal 
Decomp. Weight 
Gas Metal 
Eutectic Score 
Thermal 
Decomp. 
Score 
Material Cost 5 3 1.10 6 3 
Capital Cost 1 8 1.10 1 9 
Equipment 
Maint. 
2 3 1.10 2 3 
Safety Risk 1 5 1.70 2 9 
Process 
Flexibility  
8 5 1.25 10 6 
Foaming 
Capability 
4 2 1.25 5 3 
Variance in 
Porosity 
9 5 1.25 11 6 
Sample Length 5 3 1.25 6 4 
Cycle Time 3 7 1.25 4 9 
Total    47 43 
 
8.5 Conclusions and Future Work 
Thermal decomposition processing of gasarites involves a number of interacting 
variables that the current study has helped to assess both experimentally and through 
preliminary models.  Several contributions to general foaming literature and 
decomposition kinetics have been made through the completion of the studies outlined 
above.  While the thermal decomposition process suffers from high variability (as is the 
case with many stochastic foaming processes) it still has some potential to overcome the 
largest barrier to large scale production of gasarites, usage of high pressure hydrogen gas.   
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As future work, it would be of interest to determine whether or not heat 
treatments may be used in order to expand porosity.  It would also be of interest to 
attempt the process modifications outlined in Chapter 4 on other materials systems that 
have been evaluated in other studies.  For example, in copper foamed with TiH2 it may 
be of interest if stabilization of porosity is possible to enhance porosity levels and pore 
morphology.  Bubble capture enhancement combined with rapid solidification of copper 
(due to its high thermal conductivity) may help to promote this pore growth mode.  In 
order to provide direct experimental evidence of pore growth modes it is also suggested 
that high energy x-ray imaging techniques be utilized.  This would help to confirm many 
of the pore formation mode theories that have been developed in the current work. 
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9.0 Appendix: Thermal Decomposition-Experimental Data 
 
Figure 9.1: All TGA runs of 1-5 μm TiH1.98 held at 600°C (873K) 
 
Figure 9.2: All TGA runs of 1-5 μm TiH1.98 held at 660°C (933K) 
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 Figure 9.3: All TGA runs of 1-5 μm TiH1.98 held at 730°C (1003K) 
 
Figure 9.4: All TGA runs of 1-5 μm TiH1.98 held at 800°C (1073K) 
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 Figure 9.5: All TGA runs of oxidized 1-5 μm TiH1.98 held at 600°C (873K) 
 
Figure 9.6: All TGA runs of oxidized 1-5 μm TiH1.98 held at 660°C (933K) 
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 Figure 9.7: All TGA runs of oxidized 1-5 μm TiH1.98 held at 730°C (1003K) 
 
Figure 9.8: All TGA runs of 20-30μm TiH1.98 held at 660°C (933K) 
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 Figure 9.9: All TGA runs of oxidized 20-30 μm TiH1.98 held at 660°C (933K) 
 
Figure 9.10: All TGA runs of 20-30 μm ZrH2 held at 660°C (933K) 
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 Figure 9.11: All TGA runs of 20-30 μm ZrH2 held at 730°C (1003K) 
 
Figure 9.12: All TGA runs of 20-30 μm ZrH2 held at 800°C (1073K) 
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Table 9.1: Non-isothermal model fits for all experimental runs.  Minimum and maximum 
fractions represent experimental regions of model validity.   
Run Material A (s-1) Ea (kJ/mol*K) 
Best Fit 
Model R^2 Min α Max α 
1-5μm-600 8-2 TiH1.98 0.7103 24.27 F2 0.98814 0 0.2906 
1-5μm-600 8-3 TiH1.98 2.139 34.16 F3 0.990331 0 0.207 
1-5μm-600 8-4 TiH1.98 0.01570 0.5601 P3 0.990762 0 0.2569 
1-5μm-660 3-2 TiH1.98 2.409 66.09 D4 0.983206 0 0.1662 
1-5μm-660 3-3 TiH1.98 3.918 41.675 F3 0.98957 0 0.1512 
1-5μm-660 4-2 TiH1.98 0.02054 1.208 P4 0.9917 0 0.2294 
1-5μm-730 9-4 TiH1.98 0.01658 1.076 P3 0.993215 0 0.4546 
1-5μm-730 10-4 TiH1.98 0.2180 42.92 D4 0.995515 0 0.4166 
1-5μm-800 9-2 TiH1.98 0.4157 16.24 F2 0.996993 0 0.6962 
1-5μm-800 9-3 TiH1.98 0.5510 19.70 F2 0.996985 0 0.6479 
1-5μm-600  11-1 Ox-TiH1.98 - - - - 0 0.0123 
1-5μm-600 11-2 Ox-TiH1.98 - - - - 0 0.0601 
1-5μm-600 11-3 Ox-TiH1.98 - - - - 0 0.0428 
1-5μm-660 1-3 Ox-TiH1.98 - - - - 0 0.1463 
1-5μm-660 2-4 Ox-TiH1.98 - - - - 0 0.0594 
1-5μm-730 11-4 Ox-TiH1.98 255.4 80.59 D1 0.990185 0 0.3518 
1-5μm-730  12-3 Ox-TiH1.98 4.337 33.81 F3 0.994798 0 0.4999 
1-5μm-730 12-4 Ox-TiH1.98 0.2961 27.62 F1 0.990783 0 0.4993 
20-30μm-660 1-2 TiH1.98 2.476 35.15 F3 0.986261 0 0.2617 
20-30μm-660 1-4 TiH1.98 166.9 83.54 D1 0.994084 0 0.2546 
20-30μm-660 3-4 TiH1.98 1229 102.3 D1 0.9892 0 0.1374 
20-30μm-660 2-3 Ox-TiH1.98 1.879 35.82 F2 0.989709 0 0.1993 
20-30μm-660 4-3 Ox-TiH1.98 4.495 41.82 F3 0.982796 0 0.1617 
20-30μm-660 4-4 Ox-TiH1.98 4.612 40.60 F3 0.992968 0 0.2182 
20-30μm-660 5-2 ZrH2 - - - - 0 0.081 
20-30μm-660 5-3 ZrH2 - - - - 0 0.0542 
20-30μm-660 6-3 ZrH2 0.1213 44.68 D3 0.976602 0 0.1527 
20-30μm-730 12-1 ZrH2 0.04418 43.08 D3 0.990625 0 0.1628 
20-30μm-730 12-2 ZrH2 0.01720 37.11 D3 0.97981 0 0.1803 
20-30μm-730 13-1 ZrH2 0.05418 49.66 D3 0.98629 0 0.1098 
20-30μm-800 13-2 ZrH2 0.4662 29.19 F3 0.981055 0 0.1393 
20-30μm-800 13-3 ZrH2 0.2821 41.26 D1 0.989978 0 0.1396 
20-30μm-800 13-4 ZrH2 0.1443 21.45 F3 0.988816 0 0.1566 
-Unable to ascertain fit parameters due to high variance 
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Table 9.2: Isothermal kinetic model fits for all experimental runs.  Minimum and 
maximum fractions represent experimental regions of model validity. 
Run Material A(s-1) Ea (kJ/mol*K) 
Best 
Fit 
Mod
el 
R^2 Min α Max  α 
1-5μm-600 8-2 TiH1.98 0.02725 44.03 D3 0.986211 0.2959 0.6355 
1-5μm-600 8-3 TiH1.98 0.009696 36.45 D3 0.995365 0.3069 0.6527 
1-5μm-600 8-4 TiH1.98 0.01274 38.26 D4 0.998525 0.2569 0.6347 
1-5μm-660 3-2 TiH1.98 0.01390 36.63 D3 0.982695 0.1827 0.657 
1-5μm-660 3-3 TiH1.98 0.009562 33.77 D3 0.992636 0.1579 0.6479 
1-5μm-660 4-2 TiH1.98 0.009590 36.73 D3 0.987694 0.2396 0.6551 
1-5μm-730 9-4 TiH1.98 0.002455 26.84 D3 0.988389 0.4596 0.8713 
1-5μm-730 10-4 TiH1.98 0.003016 31.30 D3 0.989714 0.4215 0.77 
1-5μm-800 9-2 TiH1.98 0.001264 33.31 D3 0.98234 0.6977 0.9376 
1-5μm-800 9-3 TiH1.98 0.001525 32.31 D3 0.983808 0.6529 0.9367 
1-5μm-600  11-1 Ox-TiH1.98 0.2688 33.81 F3 0.99844 0.0182 0.4334 
1-5μm-600 11-2 Ox-TiH1.98 0.2877 34.29 F3 0.998015 0.0636 0.4548 
1-5μm-600 11-3 Ox-TiH1.98 0.2479 32.64 F3 0.998125 0.041 0.4643 
1-5μm-660 1-3 Ox-TiH1.98 0.02252 42.09 D3 0.996023 0.1652 0.5808 
1-5μm-660 2-4 Ox-TiH1.98 0.005456 26.21 D3 0.983551 0.0959 0.6098 
1-5μm-730 11-4 Ox-TiH1.98 0.02421 44.72 D3 0.965329 0.3934 0.8611 
1-5μm-730  12-3 Ox-TiH1.98 0.03354 50.64 D3 0.973338 0.5021 0.8507 
1-5μm-730 12-4 Ox-TiH1.98 0.02786 50.66 D3 0.960188 0.4993 0.865 
20-30μm-660 1-2 TiH1.98 0.03838 36.42 D1 0.9984459 0.2688 0.6006 
20-30μm-660 1-4 TiH1.98 0.01822 41.39 D3 0.995801 0.2605 0.673 
20-30μm-660 3-4 TiH1.98 0.01707 36.71 D3 0.994913 0.1449 0.6749 
20-30μm-660 2-3 Ox-TiH1.98 0.009384 36.63 D3 0.997404 0.2017 0.6225 
20-30μm-660 4-3 Ox-TiH1.98 0.01368 36.72 D3 0.989061 0.1617 0.6338 
20-30μm-660 4-4 Ox-TiH1.98 0.01089 36.58 D3 0.994279 0.2378 0.6743 
20-30μm-660 5-2 ZrH2 0.003903 36.82 D1 0.98581 0.0919 0.1582 
20-30μm-660 5-3 ZrH2 0.001905 34.57 D1 0.988906 0.0618 0.1253 
20-30μm-660 6-3 ZrH2 0.008082 45.63 D1 0.982922 0.156 0.201 
20-30μm-730 12-1 ZrH2 0.02022 50.05 D1 0.983882 0.1663 0.2813 
20-30μm-730 12-2 ZrH2 0.003802 37.89 D1 0.975351 0.18412 0.22632 
20-30μm-730 13-1 ZrH2 0.004757 38.30 D1 0.99273 0.1168 0.2086 
20-30μm-800 13-2 ZrH2 0.009580 39.19 D1 0.997216 0.14 0.3416 
20-30μm-800 13-3 ZrH2 0.01932 45.72 D1 0.995205 0.1429 0.3482 
20-30μm-800 13-4 ZrH2 0.01284 39.54 D1 0.997913 0.1611 0.3995 
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11.0 Appendix: Truncated Experimental Pore Size and Porosity Data 
Run Section  
Source 
Type 
Arch 
Porosity 
Pax-Avg Radius 
(um) 
PSSH42 A TIH2 1.6% 34.2 
PSSH42 B TIH2 6.6% 336.6 
PSSH42 C TIH2 5.8% 0 
PSSH42 D TIH2 4.4% 463.4 
PSSH42 E TIH2 6.5% 312.8 
PSSH42 F TIH2 7.9% 402.6 
PSSH43 A TIH2 3.7% 302.4 
PSSH43 B TIH2 22.1% 392.4 
PSSH43 C TIH2 14.1% 386.4 
PSSH43 D TIH2 6.2% 416 
PSSH43 E TIH2 7.1% 848.1 
PSSH43 F TIH2 34.7% Irregular 
PSSH43 G TIH2 39.7% Irregular 
PSSH44 A TIH2 3.4% 300.5 
PSSH44 B TIH2 20.8% 378.9 
PSSH44 C TIH2 21.0% 450.7 
PSSH44 D TIH2 12.1% 285 
PSSH44 E TIH2 13.7% 1294.8 
PSSH44 F TIH2 23.5% Irregular 
PSSH45 A TIH2 1.8% 0 
PSSH45 B TIH2 11.7% 344.2 
PSSH45 C TIH2 5.2% 161.9 
PSSH45 D TIH2 2.3% 128.2 
PSSH45 E TIH2 2.7% 185.2 
PSSH45 F TIH2 7.2% 225.3 
PSSH45 G TIH2 6.7% 260.5 
PSSH46 A TIH2 2.6% 82.6 
PSSH46 B TIH2 2.1% 75.4 
PSSH46 C TIH2 1.8% 143 
PSSH46 D TIH2 1.8% 126.2 
PSSH46 E TIH2 4.6% 274.5 
PSSH46 F TIH2 5.8% 563.2 
PSSH47 A TIH2 3.6% 95 
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Run Section  
Source 
Type 
Arch 
Porosity 
Pax-Avg Radius 
(um) 
PSSH47 B TIH2 12.9% 562.4 
PSSH47 C TIH2 11.7% 573.1 
PSSH47 D TIH2 10.9% 512.2 
PSSH47 E TIH2 4.4% 587.3 
PSSH48 A TIH2 10.5% 1120.6 
PSSH48 B TIH2 4.1% 233.8 
PSSH48 C TIH2 12.2% 293.3 
PSSH48 D TIH2 11.5% 307.3 
PSSH48 E TIH2 13.8% 541.8 
PSSH49 A TIH2 1.8% 0 
PSSH49 B TIH2 1.7% 0 
PSSH49 C TIH2 3.5% 216.9 
PSSH49 D TIH2 6.9% 203.3 
PSSH49 E TIH2 7.1% 184.6 
PSSH49 F TIH2 9.7% 274.3 
PSSH49 G TIH2 9.9% 701 
TiZr1-67 A TIH2 1.4% 85.0000 
TiZr1-67 B TIH2 4.3% 69.2773 
TiZr1-67 C TIH2 5.6% 44.4125 
TiZr1-67 D TIH2 1.8% 38.6000 
TiZr1-67 E TIH2 3.5% 56.3143 
TiZr1-67 F TIH2 1.6% 48.5714 
TiZr2-68 A ZrH2 8.2% 104.7567 
TiZr2-68 B ZrH2 4.4% 68.5061 
TiZr2-68 C ZrH2 1.5% 0 
TiZr2-68 D ZrH2 1.5% 0 
TiZr2-68 E ZrH2 1.7% 0 
TiZr2-68 F ZrH2 1.4% 0 
TiZr3-69 A TIH2 4.9% 84.3939 
TiZr3-69 B TIH2 11.6% 215.7357 
TiZr3-69 C TIH2 18.9% 349.9297 
TiZr3-69 D TIH2 5.9% 222.5711 
TiZr3-69 E TIH2 4.3% 370.9250 
TiZr3-69 F TIH2 5.5% 469.7500 
TiZr4-70 A TIH2 5.1% 1344.7000 
TiZr4-70 B TIH2 1.7% 0 
TiZr4-70 C TIH2 1.7% 0 
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Run Section  
Source 
Type 
Arch 
Porosity 
Pax-Avg Radius 
(um) 
TiZr4-70 D TIH2 4.4% 0 
TiZr4-70 E TIH2 1.6% 0 
TiZr4-70 F TIH2 0.0% 0 
TiZr6-72 A ZrH2 1.4% 0 
TiZr6-72 B ZrH2 1.4% 0 
TiZr6-72 C ZrH2 1.7% 0 
TiZr6-72 D ZrH2 1.5% 0 
TiZr6-72 E ZrH2 1.5% 0 
TiZr6-72 F ZrH2 7.1% 0 
TiZr7-73 A ZrH2 8.1% 95.1 
TiZr7-73 B ZrH2 3.1% 0 
TiZr7-73 C ZrH2 1.6% 0 
TiZr7-73 D ZrH2 4.3% 0 
TiZr7-73 E ZrH2 1.4% 0 
TiZr7-73 F ZrH2 1.4% 0 
TiZr14-82 A TiH2 3.5% 197.1 
TiZr14-82 B TiH2 18.7% 281.2 
TiZr14-82 C TiH2 11.7% 283.8 
TiZr14-82 D TiH2 7.9% 167.0 
TiZr14-82 E TiH2 9.9% 326.8 
TiZr16-84 A TIH2 2.4% No visible pores 
TiZr16-84 B TIH2 10.7% 338.3 
TiZr16-84 C TIH2 8.7% 347.9 
TiZr16-84 D TIH2 4.0% 446.2 
TiZr16-84 E TIH2 2.2% 243.4 
TiZr16-84 F TIH2 4.1% 266.6 
TiZr17-85 A ZrH2 1.1% No visible pores 
TiZr17-85 B ZrH2 1.8% No visible pores 
TiZr17-85 C ZrH2 8.0% 34.7 
TiZr17-85 D ZrH2 1.9% 83.5 
TiZr17-85 E ZrH2 5.6% 126.7 
TiZr17-85 F ZrH2 4.4% 133.0 
TiZr17-85 G ZrH2 7.5% 141.7 
TiZr21-89 A ZrH2 11.4% 86.7 
TiZr21-89 B ZrH2 3.9% 145.1 
TiZr21-89 C ZrH2 3.5% 170.0 
TiZr21-89 D ZrH2 8.2% Irregular 
TiZr21-89 E ZrH2 6.7% 275.6 
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Run Section  
Source 
Type 
Arch 
Porosity 
Pax-Avg Radius 
(um) 
TiZr21-89 F ZrH2 2.9% 364.9 
TiZr21-89 G ZrH2 11.9% 475.7 
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